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ABSTRACT  
The disposal of animal w ste has become a problem in many parts of the world due 
to the rapid growth in the number and the size of intensive animal industries. Safe 
waste disposal sites are rarely available and the relocation and/or treatment of animal 
waste is seldom economically vi ble. The reuse of animal waste for energy recovery 
and re-feeding is also not popular. Animal waste is a valuable source of plant 
nutrients and a very good soil conditioner, and has been commonly applied as 
fertiliser to agricultural fields. However, due to the increasing oversupply of animal 
waste in recent years, it has often been applied in excess to the agricultural fields. 
Excessive application of animal waste, without due consideration of its implications, 
is a serious concern. The run-off and leaching losses of nutrients from the fields 
fertilised with animal waste have contributed significantly to the eutrophication and 
toxic blue-green algae blooms in surface water systems and nitrification of ground 
water systems. It has also led to nutrient imbalances in the soils and odour pollution 
to the surrounding communities. The animal waste, which is a valuable source of 
plant nutrients, has thus become both an economic and environmental burden, and 
there is a need to develop a strategy for its sensible use a  a fertiliser in agricultural 
fields. 
Sensible use of animal waste involves the consideration of all the agricultural, 
environmental, social, and economical limitations. A rational method of achieving 
this is to restrict the use of animal waste to sites suitable for such uses, identify areas 
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where it can be relocated and applied economically, limit the application rates to a 
safe level, and observe appropriate manure management practices. This study 
addressed each of these components by developing a comprehensive manure 
application plan (MAP) for the site-specific use of animal waste as fertiliser in 
agricultural fields. 
Various geographic information systems (GIS) based techniques, including a 
weighted linear combination model and map algebra based ca togr phic modelling, 
were employed to achieve the goal. The appropriateness of the existing techniques 
and procedures were evaluated and modified to meet the current input requirements. 
New methods of analysis were devised as necessary. The Westbrook sub-catchment 
of the Condamine River catchment in south-ea t Queensland was selected as the 
study area. The sub-catchment covers 24,903 hectares and contains 39 intensive 
animal industries. The catchment is also a part of the Murray-Darling B sin, which 
has been suffering from toxic blue green algae blooms recurrently since 1991.  
This study identified that only about one-fifth of the sub-catchment area is suitable 
for animal waste application. Depending on the method of site suitability analysis 
and the number of input factors used the suitable area ranged between 16 and 22 
percent. This comparatively small area is mainly due to the presence of a large 
proportion of non-agricultural areas in the sub-catchment. The suitable areas were 
also found to have various degrees of suitability for waste application. However, the 
degree of site suitability was affected by the number of input factors used in the 
analysis, the weighting of the factors, and the method of factor attribute 
standardisation.  
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Conventional methods of weighting input factors were found to be cumbersome and 
not particularly suitable. Hence, this study developed a new ‘objective oriented 
comparison’ method of factor weighting. Standardisation of input factors using a 
continuous, rather than discrete, lassification (ie fuzzy set) method was found to be 
more consistent in degree of suitability determination. The discrete classification of 
factor attributes into classes of different numbers and sizes, and the weighting of 
classes to a sum of one, were identified as a limitation in using this standardisation 
method. A new ‘weight adjustment’ method was devised and demonstrated to reduce 
factor-weighting biases. 
The suitable sites, degree of site suitability, and other relevant spatial and non-spatial 
information were processed within a GIS framework to develop a comprehensive 
manure application plan. The inherently high presence of available phosphorus in the 
soils of the study area was recognised and the P2O5 content in the manure was used 
as the basis for determining manure application rates. A complimentary nitrogen 
supply map was also generated. Manure management practices applicable to the 
areas with a lower degree of suitability were also suggested. 
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CHAPTER 1 
1 GENERAL INTRODUCTION 
1.1 Problem statement 
The disposal of animal waste has become a problem due to the development of 
intensive animal industries (IAI) in many parts of the world including Australia. 
Intensive animal industries have been developed for economic gain through 
centralised management of the animal production system. However, this has led to 
the challenging task of safely disposing of the waste generated at the animal 
production facilities (Alocilja, 1998). Safe waste disposal sites are rarely av ilable 
and the removal of waste to such sites is often not economical. Similarly, the 
treatment of animal waste is seldom economically viable and the chemical, 
biological, and engineering methods of animal waste reuse (eg composting, energy 
recovery and re-feeding) are not popular.  
Despite many possible uses of animal waste, its application as fertiliser to 
agricultural fields remains the most widely accepted and viable disposal option (He 
and Shi, 1998). However, due to the availability of animal waste n large quantities at 
concentrated animal production facilities, it has often been applied in excess to the 
surrounding agricultural fields. Excessive application of waste, without proper 
consideration of the actual requirements, has led to the run-off and/o  leaching losses 
of nutrients (eg nitrogen and phosphorus) from the soil causing agricultural non-point 
source pollution (Liu et al, 1998). Agricultural non-point source (NPS) pollution is a 
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major cause of the nitrification of ground water systems and eutrophication of 
surface water systems (Khaleel et al, 1980). Eutrophication of surface water systems 
has resulted in toxic blue green algae blooms in many waterways including the 
Murray-Darling River system in Australia (Young et al, 1994). Excessive and 
frequent use of animal waste to agricultural fields, next to animal production 
facilities, have also released unpleasant odours to the surrounding community and 
provided a breeding ground for harmful insects and pests. Thus, the excessive 
application of animal waste to agricultural fields, in close proximity to the intensive 
animal industries, has been a serious concern. The distribution of animal waste to 
other agricultural areas is therefore considered necessary.  
Agricultural fields that are likely to receive animal waste as fertiliser vary widely in 
their suitability due to agronomic, environmental, social, and economic limitations. 
Obviously, some fields may not be suitable for animal waste application due to the 
site-specific limitations, while others may vary in their level of suitability due to their 
biophysical and/or socio-e onomic characteristics. In effect, not all agricultural fields 
can be treated equally for animal waste application. Therefore, the most important 
task to be performed, before applying animal waste as fertiliser to the agricultural 
fields, is to evaluate the suitability of the fields and develop a plan for the site-
specific application of manure. However, such a plan cannot be developed without 
considering the full range of agricultural, environmental, social, and economic 
limitations.  
A number of manure management procedures and computer-based rog ams (eg 
Schimitt et al, 1997; Ma and Ogilvie, 1998; and Tessier, 1999) have been developed 
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in recent years to determine the optimum animal waste application rates in the 
agricultural fields. Most of these programs (procedures) calculate “typical” manure 
application rates to meet crop nutrient requirements at the point scale. Some 
programs attempt to optimise the manure application rates by taking social, 
economical, and/or environmental factors into account. However, none of them are 
designed to address the spatial characteristics of the fields to develop a site-specific 
manure application plan. For instance, the exclusion of sensitive areas requires the 
inclusion of spatial uniqueness, which is beyond the scope of such programs (or 
procedures). Obviously, these programs (or procedures) are not meant to differentiate 
fields (or parts of a field) in terms of their level of suitability and therefore they offer 
no manure management alternatives to counteract various degree of suitability 
between (or within) the fields. These programs are also limited in capacity in terms 
of planning manure application in a catchment-wide scale. However, catchment-wide 
manure application is fundamental because the adverse effects of manure misuse are 
not limited to the manure application sites.  
Due to the spatial nature of the problem and the involvement of many parameters, the 
development of a comprehensive catchment-wide manure application plan is not a 
straightforward task. It involves understanding the effects of various factors on the 
areal extent and the degree of suitability. It also requires incorporating and 
processing a large volume of spatial and non-spatial information including crop 
nutrient requirements and manure nutrient contents. Problems of this nature are best 
attempted using a geographic information system (GIS), which is capable of 
processing a wide range of diversified data. 
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In recent years, limited attempts have been made to identify suitable sites for animal 
waste application using GIS. For example, Jain et al (1995) and He and Shi (1998) 
identified suitable manure application sites using GIS but they did not take the 
degree of suitability of the application sites into account. Similarly, Hendrix and 
Buckley (1992) demonstrated a method for selecting sites for land application of 
sewage sludge. However, there are not any studies focusing on the site-specific 
application of animal or other waste as fertiliser in agricultural fields within a 
catchment. Thus, catchment-wide manure application planning represents an area 
with a serious gap in the knowledge required for the site-specific application of 
animal waste as fertiliser in agricultural fields. 
1.2 Aim 
The excessive use of animal waste as fertiliser in some agricultural fields have 
already contributed to a range of effects including eutrophication and toxic blue-
green algae blooms in surface water systems, nitrification of ground water systems, 
and odour pollution. Currently available methods of determining the best field 
application rates of animal waste are deficient in terms of making site-specific 
judgements and planning the manure application on a catchment-wide scale. The 
excessive application of animal waste to agricultural fields with little or no 
consideration of site- p cific limitations should no longer be tolerated. Therefore, 
manure application planning for the site-sp cific application of this recyclable waste 
has become a task requiring urgent attention. Hence, the overall aim of this study is 
to establish a framework for the development of a comprehensive catchment-wid  
manure application plan for the site-specific application of animal waste as fertiliser 
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in agricultural fields.  
1.3 Research approach 
The approach adopted in developing a comprehensive catchment-wide manure 
application plan for the site-specific application of manure to agricultural fields 
involved reviewing the current state of knowledge in the literature, ident fying areas 
requiring attention, and formulating the specific research objectives (Chapter two). 
The general research methods to achieve the individual objectives, including the 
delineation of the study area and the structuring of the digital elevation model for the 
study area are outlined in Chapter three.  
The identification of sites suitable for animal waste application was achieved using a 
geographic information system based site suitability analysis technique (Chapter 
four). The degree of suitability of he sites was also investigated along with the 
effects of the various input parameters in the degree of site suitability measurements 
(Chapter five). 
The development of a manure application plan for the study area required 
aggregation of the diversified information. Spatial and non-spatial information was 
combined using a geographic information system to develop a comprehensive, 
catchment-wide, manure application plan for the site-sp cific use of animal waste as 
fertiliser in agricultural fields (Chapter six). The general discussion and the 
conclusion of this work are presented in Chapters seven and eight, respectively. 
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CHAPTER 2 
2 REVIEW OF LITERATURE 
2.1 Introduction 
The development of intensive animal industries has created a relatively new problem 
of animal waste disposal (Chapter 1). While the use of animal waste as fertiliser is 
the traditional, conventional, and acceptable utilisation/disposal option, there is an 
increasing requirement for the broader consideration of the agricultural, 
environmental, social, and economical implications of this form of utilisation.  
The current issues associated with animal waste utilisation and management are 
examined in this chapter. Literature related to the disposal of animal waste and the 
environment including agricultural non-poi t source pollution is reviewed (Section 
2.2), along with the benefit of using animal waste as fertiliser in agricultural fields 
(Section 2.3). An overview of the current status of the use of geographic information 
system tools for spatial management of animal waste is then presented (Section 2.4) 
prior to outlining the specific project objectives (Section 2.5). 
2.2 Animal waste and the environment 
Animal production is developing towards fewer but larger production units that 
feature centralised control of the technology and the production process (Hoban et al, 
1997), increased production efficiency (Davis et al, 1997) and decreased production 
cost per unit animal (Alocilja, 1998). This trend is continuing in many parts of the 
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world including south-east Queensland, where the number and size of intensive 
animal industries (ie dairy, feedlot, piggery and poultry farms) has been growing 
rapidly in recent years (AgWise, 1999). The development of large intensive animal 
production units is associated with the generation and accumulation of large volumes 
of animal waste (Younos, 1990) that have brought about the new challenges in 
manure handling (Hoban et al, 1997), utilisation (Alocilja, 1998), and disposal 
(Younos, 1990). As a consequence, the management of animal waste has become a 
serious environmental concern (Garnier et al, 1998) and hotly contested topic 
(Hatfield, 1997; Hoban et al, 1997) in determining the socio-econ mic and 
environmental sustainability of intensive animal production systems (Vellidis et al, 
1996). 
The primary environmental concerns related to intensive animal production facilities 
are due to odour and nutrient pollution (Safley, 1994). Air can be polluted by the 
release of odours (gases) during the manure decomposition process and/or the land 
application of manure (Sutton, 1994). Much of the odour is caused by the 
volatilisation of ammonia and other harmful gases from the animal waste (Eghball 
and Power, 1994). Besides unpleasant odours, the ammonia is also poisonous and 
can cause incidences of Newcastle disease in poultry (Moore et al, 1995). Air 
pollution can also occur due to the dusty environment that can be created around the 
intensive animal production facilities (Eghball and Power, 1994). The decomposing 
wastes also provide a breeding ground for hazardous insects and pests (El-Ahraf and 
Willis, 1996, p20). 
Nutrient pollution is a major environmental concern in many parts of the world. The 
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nutrients contained in the manure have the potential to pollute soil and water bodies. 
Soils can be polluted due to the build up of nutrients as a result of extremely high 
manure application rates (or dumping) in fields (Eghball and Power, 1994; Sutton, 
1994). Such polluted soils are hostile to plant growth due to nutrient imbalances 
(Eghball and Power, 1994) and are more inclined to release nutrients in the run-off 
(Khaleel et al, 1980). The nutrients lost in the run-off contribute to eutrophication of 
water bodies. While the eutrophication of water systems (ie enrichment with 
nutrients) can be caused from a variety of sources (eg discharges from municipal 
waste treatment plants, manufacturing discharges, urban run-off, golf courses, 
residential lawns, and agriculture), agriculture has been identified as a common 
leading source of nutrient pollution (Nowlin, 1994; Sutton, 1994).  
Water pollution from agricultural sources is due to leaching, leaking, and direct run-
off of nutrients from the fertilised fields and/or intensive animal production facilities 
(Sutton, 1994). The contamination of water bodies due to the accumulation of 
nutrients lost from agricultural land and animal production facilities is commonly 
referred to as agricultural non-poi t source (NPS) pollution, since these pollutants do 
not enter the water bodies from a fixed point (Giupponi et al, 1999). The concerns 
about NPS pollution are due to increased concentrations of nutrients (eg nitrogen, 
phosphorus), oxygen demanding compounds (eg carbon), and pathogens in the run-
off water (Khaleel, et al, 1980) that are potentially harmful when they reach the 
ground and surface water systems. For example, high nitrate concentrations in 
ground water systems may lead to health and environmental quality problems (Stone 
et al, 1998) while an increase in nitrogen and phosphorus in surface water systems 
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may result in eutrophication (Beegle and Lanyon, 1994). Nutrients from agricultural 
non-point sources are often the main cause of eutrophication of surface water 
systems (Daniel et al, 1994). The eutrophication may lead to the growth of 
undesirable plants such as toxic blue green algae that can exhaust oxygen supplies in 
water and result in fish kills and the loss of desirable aquatic vegetation (Stone et al, 
1998a). Blue green algae are bacteria (Cyanobacteria) that create unpleasant odours 
and lower drinking water quality. Their toxins may also cause sickness in humans 
and death in livestock and pets (Kuhn, 1993; Herath, 1997; Steffensen et al, 1997). 
Blue green algae blooms are primarily caused by the availability of excess nitrogen 
and phosphorus nutrients in water (Herath, 1997), with phosphorus being the limiting 
nutrient (Kuhn, 1993). 
In Australia, nutrients from ani al waste sources have been identified as the major 
cause of eutrophication and toxic blue green algae blooms in the Murray-Darling 
River system (Young et al, 1994) where the worlds’ largest algal bloom was 
recorded in 1991 (Kuhn, 1993; Young et al, 1996; Herath, 1997). The feedlots and 
piggeries, located along the Murray River, are estimated to deliver 1650 and 2530 
tonnes of phosphorus respectively per year (Young et al, 1994). The frequency and 
severity of toxic blue green algae blooms is also on the rise due to reduced river 
flows and eutrophication (Young et al, 1996). The economic impact of 
eutrophication and toxic blue green algae blooms is severe. The large algal bloom of 
1991 resulted in an estimated loss of $ 10 million due to lost recreation alone 
(Herath, 1997).  
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2.3 Utilisation of animal waste  
Animal waste can be utilised in a number of ways. Energy could be recovered from 
the animal waste by burning it and/or producing methane gases (Eghball and Power, 
1994). Animal waste may be used for land filling and/or reclaiming mined soils 
(Eghball and Power, 1994). Other uses of animal waste include re-f eding it to other 
animals such as the use of poultry manure to raise fish (Moore et al, 1995) in areas 
where pelleted fish diets are limited and expensive (Anuta, 1995). However, very 
little manure is used for the above purposes (Eghball and Power, 1994). 
Despite advances in animal waste treatment research, there is a significant lag in on-
farm animal waste treatment techniques (Yunos, 1990). Both aerobic and an
treatment processes are very effective for biodegradation but not for nutrient removal 
(Yunos, 1990). Advanced nutrient removal systems are expensive. Thus, the 
treatment of animal waste represents a considerable environmental and economical 
problem (Garnier et al, 1998). Despite the availability of chemical, biological, and 
engineering methods of waste re-us  and treatment (Younos, 1990), the use of 
animal waste as manure to the cropland remains the most common and often least 
expensive method of animal waste utilisation (He and Shi, 1998). Therefore, the land 
is usually the ultimate site for using (or disposing) most of the waste generated at 
confined animal production facilities (Patni and Culley, 1989; Moore et al, 1995). 
The animal waste contains nitrogen, phosphorus, potassium, micronutrients, and 
organic matter. Fortunately, these nutrients are essential for plant growth and the 
organic matter contained in the manure can help improve soil physical properties 
(Eghball and Power, 1994). Animal waste is an excellent source of macro and 
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micronutrients that are essential for plant growth (Younos, 1990). Application of 
animal waste and lagoon effluent as fertiliser to agricultural fields is the conventional 
method of animal waste management (Gupta et al, 1997; Liu et al, 1998). Benefits 
include improved soil physical properties (eg infiltration, aggregation, and bulk 
density), reduced run-off and wind and water erosion, decreased energy requirement 
for tillage, and reduced impedance to seedling emerge ce and root penetration 
(Eghball and Power, 1994). Therefore, the use of animal waste as fertiliser is a 
method of disposal that may reduce the potential for environmental problems 
(Alocilja, 1998), increase agricultural production through nutrient recycling (Vellidis 
et al, 1996; Liu et al, 1998), and regenerate the soil for better crop growth (Younos, 
1990). Hence, animal waste is an excellent source of plant nutrients and organic 
matter when added to soils, but if poorly administered can pollute the run- ff 
(Eghball and Gilley, 1999). 
The run-off from land treated with animal waste may contain carbon, nitrogen and 
phosphorus, each of which can promote undesirable environmental impacts (Daniel 
et al, 1994). These nutrients may increase substantially in the run-off water if the 
manure is applied in excess of crop nutrient requirement and/or beyond the 
assimilative capacity of the land (Couillard and Li, 1993; Vellidis et al, 1996; Stone 
et al, 1998a). The run-off of nutrients due to excessive application may lead to a 
significant increase in the surface water contamination (Eghball and Power, 1994) 
and subsequent eutrophication and toxic blue green algae blooms (Couillard and Li, 
1993). Excessive application of animal waste may also lead to nitrate leaching nto 
the ground water system (Eghball and Power, 1994) and possible increases in the 
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bacterial or viral pathogens levels in lakes and rivers (Moore et al, 1995). 
The land application of manure usually occurs within a few kilometres from where it 
is produced (Moore et al, 1995). Obviously, transporting the manure to a greater 
distance from the source of production would increase the potential area for land 
application (Moore et al, 1995) and thereby reduce the environmental risks (Long 
and Fleming, 1999). However, the fields adjacent to the animal production facilities 
receive the manure first due to the close proximity and low transportation cost (He 
and Shi, 1998). This happens despite the fact that the economically viable manure 
hauling distance could be up to 20 kilometres from the production site (Eghball and 
Power, 1994; Moore et al, 1995). In some cases, animal producers may lack 
agricultural lands for manure application at a greater distance from the animal 
production facility (Sutton, 1994). In south-east Queensland, the preference of 
manure application to the fields close to the animal production facility has been due 
to the convenience, cost effectiveness, and non-ownership of land at a greater 
distance (Schuster, Personal communication). Consequently, there has been an 
increasing trend in the application of animal waste at levels far in excess of 
agronomic fertilisation rates to the agricultural fields surrounding the local intensive 
animal production facilities (AgWise, 1999).  
Application of manure at rates that supply available plant nutrients at recommended 
agronomic rates is desirable to maximise the use of nutrients, minimise the nutrient 
build up in the soil (Liu et al, 1998), and avoid the run-off and leaching losses of 
nutrients to watercou ses (Eghball and Power, 1994). Evidences suggest that the 
application of manure at agronomic rates to growing crops rarely pollutes ground or 
Chapter 2 Review of Literature 
 
13
surface water (Caldwell, 1998). In recent decades, significant progress has been 
made in developing tools to assist producers identify appropriate animal manure 
and/or lagoon effluent application rates. Methods of calculating sustainable 
agronomic rates by taking into account the nutrient value of the manure (determined 
by factors such as application time, method, and weather condition) and plant 
nutrient requirement (affected by current fertility status and crop type) have been 
developed (eg Joern and Brichford, 1993). A number of computer-based manure 
management programs have also been developed to determine appropriate agronomic 
application rates (Table 2.1). Many of the manure management programs (eg 
MAP3.0, MARC98, and MCLONE4) commonly include environmental and 
economic modules, which take nutrient type (eg nitrogen or phosphorus) and nutrient 
value into account when determining the final recommended application rates. 
These programs calculate “typical” manure application rates to meet the crop nutrient 
requirements at a point scale and hence, do not take the spatial characteristics of the 
location into account. They are not designed to: (a) differentiate fields (or parts of a 
field) according to their level of suitability, (b) plan manure application at a 
catchment-wide scale, or (c) fully incorporate the spatial variability associated with 
the socio-economic and environmental limitations of manure application planning. 
However, the development of a comprehensive animal waste application plan 
requires the consideration of site-specific variables such as soil properties, 
topography (He and Shi, 1998), land use, field location, social limitations (Hendrix 
and Buckley, 1992), nutrient run-off a d leaching potential (Johnson and Eckert, 
1995) in determining the manure application sites and rates. The existing manure 
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management programs have a limited capacity to incorporate such site-specific 
(spatial) variables in determining catchment-wide site-specific manure application 
rates. Therefore, these programs are merely manure application rate calculators 
rather than a planner.  
Table 2.1 Commonly available software programs for the calculation of manure 
application rates 
Description Developer Source Scope of the software 
Manure Application 
Planner (MAP) 
University of 
Minnesota, 
USA 
Schmitt 
et al, 
(1997) 
Manure application planner that meets the 
environmental standard and achieves 
economic feasibility. 
Manure Application 
Rate Calculator 
(MARC98) 
Manitoba 
Agriculture, 
Canada 
Tessier 
(1999) 
Calculates manure application rate by 
considering nutrient value of manure and 
crop nutrient needs. 
Manure, Cost, Labour, 
Odour, Nutrients, and 
Environment 
(MCLONE3) 
University of 
Guelph, 
Canada 
Ma and 
Ogilvie 
(1998) 
Calculates environmental risks and makes 
manure recommendations by considering 
cost, labour, odour and nutrient, and 
environment. 
Animal Manure as a 
plant Nutrient Resource 
(AMANURE) 
Purdue 
University, 
USA 
Sutton et 
al, 
(1999) 
Estimates the nutrient value of manure 
and recommends a manure application 
rate that matches crop requirements.  
Manure Nutrient 
Inventory Spreadsheet 
University of 
Nebraska, 
USA 
Koelsch 
(1999) 
Estimates the land area required for 
agronomic utilisation of manure nutrients.  
 
The development of a comprehensive catchment-wide animal waste application plan 
for the site-specific application of animal waste as fertiliser to agricultural fields 
requires processing of non-spatial (eg crop nutrient requirements, crop yield, and 
manure nutrient contents) and spatial (eg site suitability, manure allocation, and crop 
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distribution) parameters. The requirement to simultaneously process spatial and non-
spatial parameters suggests that an alternative tool such as a geographic information 
system (GIS) may provide a sensible platform for the development of a 
comprehensive site- p cific manure application plan at a catchment scale.  
2.4 GIS as a tool for manure management 
A GIS is a system of hardware, software, data, people, organisations, and 
institutional arrangements (Chrisman, 1997, p5) that is designed to accept large 
volumes of spatial data derived from a variety of sources and to store, retrieve, 
manipulate, analyse, and display these data according to user’s requirements 
(Burrough and McDonnell, 1998, p11). In many ways, a GIS is similar to traditional 
data display and output systems such as computer-aided design (CAD). However, the 
analytical capability of the GIS makes it a very powerful tool as compared to other 
related systems (DeMers, 2000, p11). A number of different types of GIS software 
have been developed for spatial data management and modelling, the choice of 
which depends on the experience of the user and the nature of the application (Jain et 
al, 1995). Some of the more common GIS software systems are ARC/INFO (ESRI, 
1992), GRASS (Byars et al, 1995), ArcView (ESRI, 1996), MapInfo (MapInfo Corp, 
1994), IDRISI (Eastman, 1997), and TNT (MicroImages, Inc, 2001). ARC/INFO 
(ESRI, 1992) typically operates within the UNIX or Windows NT environments and 
is currently one of the most popular high-end GIS software programs available.  
2.4.1 GIS and spatial analysis  
Geographic information systems are currently used to assemble and manage large 
spatial databases, perform spatial and statistical analyses, and produce effective 
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visual representations of model results (Steyaert and Goodchild, 1994, p333). The 
spatial modelling within GIS involves simplified representations of reality (eg map 
layers) and the subsequent use of GIS techniques (ie methods) for the purpose of 
analysis, understanding, and/or prediction (Apan and McDougall, 2000). Spatial 
modelling is the process of looking at data characteristics through a number of data 
(ie map) layers for each location to solve a specific problem (ESRI, 1996, p26). 
Spatial analysis and modelling is useful for site suitability evaluation, for estimating 
and predicting, and for interpreting and understanding the location and distribution of 
geographic features and phenomenon (ESRI, 1996a, p2).  
The site suitability evaluation typically requires the integration of many different 
data sources, which is ideally performed using map overlay techniques (Davis, 1996, 
p223). The digital map overlay procedures depend on the absolute location of each 
feature, which can be expressed in either a vector or raster format. The differences 
between raster and vector systems are based on the way in which the earth’s surface 
is perceived, represented, and stored (Nichols, 1998). In raster-based sy t ms, the 
surface is divided into uniform cells (pixels) of desired size and each cell is assigned 
a value that is characteristic to that location. In vector-based systems, the data (ie 
point, lines, and polygons) are identified as discrete x and y coordinate pairs 
(Burrough and McDonnell, 1998, p40).  
The vector GIS based Boolean overlay is a conventional site suitability analysis 
technique that combines Boolean constraints (ie input factors with their attributes 
classified as suitable or unsuitable) using binary intersection (ie logical AND) or 
union (ie logical OR) operations (Eastman, 1997, p9-5; DeMers, 2000, p350). The 
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binary intersection operation identifies entries (ie a eas) that are common to both 
layers while the binary union operation combines the entries (ie areas) that appear in 
one or the other input factors ignoring any overlap effect (Figure 2.1). Boolean 
overlay is typically used for crisp spatial mapping in which areas are designated by a 
simple binary number as either belonging or not belonging to the designated set 
(Eastman, 2000). 
Figure 2.1 Binary overlay: intersection and union operations 
The weighted linear combination (WLC) is a commonly used raster GIS based 
method of site suitability analysis (Eastman, 1997, p9-5). In this method, the input 
factors are weighted and standardised prior to combining them linearly to produce a 
site suitability map (Church, 2000). Weighting of input factors (ie criteria) is often 
necessary because the factors are likely to contribute differently (ie unequally) in 
determining the suitable sites (Chrisman, 1997, p131). For example, in selecting sites 
for sewage sludge applications the slope factor could have much greater impact (ie 
weight) than the soil factor in terms of retaining the applied sludge in the fields. 
Standardisation of input factors is essential to make the factors commensurate for 
linear combination (Eastman, 1997, p9-10). For example, the input factors chosen for 
selecting waste disposal sites, such as soil types, percent slopes, and proximity to 
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streams cannot be combined linearly without previously converting them to a 
common numeric range (ie standardising). These factors may be standardised by 
classifying their attributes. Classification involves replacing the continuous factor 
attributes with discrete classes (eg class I, II, and III) and weighting or ranking the 
classes appropriately (Burrough et al, 1992). Alternatively, factor attributes may be 
standardised by re-scaling the attributes into a continuous scale of zero to one, 0 to 
100, or 0 to 255 (Eastman, 1997, p9-10). Both standardisation methods have been 
conventionally used in site suitability determination.  
The suitability maps generated using Boolean overlay and WLC methods frequently 
lead to considerably different results (Eastman, 1997, p9-5) due to the difference in 
aggregation logic (Jiang and Eastman, 2000). Eastman (2000) demonstrated that the 
total area selected as suitable using the WLC method lies in between the intersection 
(AND-ness) and union (OR-ness) operation of the Boolean overlay. The suitable 
areas, selected using these two methods, also differ significantly in their composition 
(ie structure or makeup). For example, the Boolean overlay method produces output 
maps with areas designated as either suitable (ie true) or unsuitable (ie false) 
(Eastman, 2000). While, the output of the WLC model is a composite map with each 
grid cell assigned a suitability value (Banai-K shani, 1989; Eastman, 1997, p 9-13; 
Chrisman, 1997, p131; Jiang and Eastman, 2000), which could be arranged into 
various degrees of suitability for site-specific decision-making.  
2.4.2 Location modelling for waste application 
Location modelling (ie search for a suitable sites) involves the process of finding the 
best location to support some desired activity (Davis, 1996, p295; Church, 2000) 
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such as the application of animal waste and/or sewage sludge as fertiliser to the 
fields. Site selection for waste utilisation/disposal is a difficult, costly, and time-
consuming but crucial task (Hendrix and Buckley, 1992). In some circumstances, 
suitable sites may be determined based on a single factor (ie criterion). For example, 
animal waste application sites could be found by selecting agricultural land from a 
land use map. However, in most circumstances, many more factors have influence in 
site suitability determination. A careful selection of all the relevant factors is critical 
(DeMers, 2000, p371) since failing to do so may result in misjudging the suitability 
of a field completely. Often, a single factor can affect the site suitability 
dramatically. For instance, a field suitable for animal waste application due to its 
favourable soil type, slope, land use, and proximity to watercourses could be totally 
unsuitable due to its adjacency to residential areas. 
Due to the involvement of many input factors in the site selection process, such 
analyses are often referred to as multi-criteria evaluations (Eastman, 2000). Multi-
criteria evaluation techniques, together with geographic information systems, form a 
powerful tool in the process of land suitability assessment (Bierman, 1999, p202). 
Multi-criteria based site suitability assessments are commonly performed using both 
vector- and raster-based methods (Eastmann, 2000). In the past, it has been used to: 
(a) identify animal waste (eg Jain et al, 1995; He and Shi, 1998) and sewage sludge 
(Hendrix and Buckley, 1992; Towers and Horne, 1997) application sites; (b) locate 
waste disposal sites (eg Siddiqui et al, 1996; Basagaoglu et al, 1997); and (c) detect 
sites with high non-point source pollution potential (eg Heatwole and Shanholtz, 
1991). There are however, very few studies related to site-specific animal waste 
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management and none of them has the site selection for manure application as the 
primary objective. Consequently, there are issues such as the factor sensitivity and 
the relative merits of vector and raster methods in determining suitable sites for 
animal waste application that have not yet been addressed in the literature.  
2.4.3 Degree of site suitability for site- p cific decision making 
The degree of site suitability measurements, using the WLC model, is of particular 
interest because the discrete suitable or unsuitable (ie true or false) outcome 
presented by the Boolean overlay method of suitability analysis limits the way we 
think about the world (Burrough, 1996, p15). It is necessary to be able to deal with 
concepts that are not just true or false (ie suitable or unsuitable) but that operate in 
between (Burrough, 1996, p15). After all, the site suitability is not commonly 
Boolean in character, but expresses varying degrees of set membership (ie fuzziness) 
(Jiang and Eastman, 2000). The crisp spatial mapping procedure of the Boolean 
overlay method (Eastman, 2000) ignores the important aspects of fuzziness (ie 
inexactness) and divides the undividable continua to produce significantly different 
results for the same area (Burrough, 1996, p16). However, the multi-criteria based 
WLC model is capable of inputting standardised continuous data to produce a 
continuous map with various degrees of site suitability (Jiang and Eastmann, 2000), 
which could be of great value in making site-specif c decisions. For example, in the 
case of manure application planning, the degree of site suitability measurements 
could provide the basis for the site-specific application of animal waste as fertiliser to 
suitable agricultural fields. However, the use of the degree of sit  suitability 
measurements for site-specific treatment could not be contemplated without ensuring 
Chapter 2 Review of Literature 
 
21
the reproducibility of such measurements.  
The reproducibility of the degree of site suitability measurements is critical because 
they have to be reliabl, verifiable, and defendable before they can be successfully 
used for site-specific decision-making. However, this is an area that has received 
very little attention in the past despite the fact that the site suitability scoring 
technique was first introduce  in early seventies (Hopkins, 1977) and used for power 
plant siting in Maryland a few years later (Dobson, 1979). Since then, the 
measurements of the degree of site suitability have been reported occasionally but 
very little has been done to evaluate the sensitivity of such measurements. For 
example, Hendrix and Buckley (1992) used degree of site suitability measurements 
to classify sewage waste application sites to various levels of suitability but they did 
not assess the reliability of the degree of sit  suitability measurements. Jain et al 
(1995) determined the degree of site suitability by rescaling the measured cumulative 
suitability scores between 0 and 100 to locate livestock production facility. They 
however, did not examine the reproducibility of the degree of site suitability 
measurements. Jiang and Eastman (2000) pointed out the usefulness of the multiple 
criteria based weighted linear combination method in assessing the various degrees 
of suitability for locations under consideration. However, they neither outlined the 
measurement procedure nor discussed its reliability. Hence, there is a significant gap 
in terms of assessing the reliability and reproducibility of the degree of site suitability 
measurements in the literature. The effect of the number of input factors, weighting 
of factors, and the method of factor attribute standardisation on the degree of site 
suitability measurements are still unknown.  
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2.4.4 Application of GIS for site-specific manure management 
The availability of the multi-criteria based WLC method of site suitability analysis 
suggests that it should be possible to identify manure application rates according to 
site-specific requirements. In recent years, some attempts have been made to identify 
suitable sites and develop decision support systems for environmental management 
of animal waste as fertiliser in agricultural fields. For instance, Jain et al (1995) used 
a multi-criteria based spatial modelling technique to determine suitable land areas for 
the planning of livestock producti n systems and for selecting suitable land areas for 
manure application. They used a weighted linear combination model to generate the 
site suitability map and ranked the suitable sites into various degrees of suitability. 
However, they did not explore the possibility of using the degree of site suitability 
measurements for the site-specific application of animal waste as fertiliser in 
agricultural fields. In any case, they were using 100 m × 100 m (1 ha) cell resolution 
and the recommendation of manure application rates at a field level would not have 
been accurate enough. In the process of examining the distribution of manure in 
Michigan State, He and Shi (1998) identified potentially suitable land for animal 
waste application and proposed a transportatio  model for the transport of excess 
manure. They identified suitable parcels of cropland for manure application based on 
limited input parameters and disregarded the potential variations between the 
selected land parcels. They used broadly recommended manure applic tion rates in 
their transportation model and did not consider the determination of site-specific
manure application rates. Heatwole and Shanholz (1991) developed an animal waste 
pollution index based on the general geographic characteristics of  site and  the 
surrounding farmland and suggested its use to identify areas for manure application. 
Chapter 2 Review of Literature 
 
23
Since their focus was to rank the pollution potential of individual livestock 
operations: they did not explore the possible variations in manure applicatio  sites 
and rates. There are no other significant site-specific animal waste management 
studies. The limited few presented above, did not fully incorporate the socio-
economic and environmental factors in determining suitable manure application sites 
and have not attempted to develop a site-specific manure application plan. Thus, 
there is a significant gap in the area of manure management because there is no study 
devoted to the site- p cific use of animal waste as fertiliser in agricultural fields. 
2.5 The objectives 
Animal waste may be best utilised as fertiliser in agricultural fields. However, there 
are potential environmental hazards that have to be addressed along with the 
agronomic requirements and socio-ec nomic and environmental limitations. The 
importance of the catchment-wide animal waste application planning was discussed 
and the usefulness of the geographic information system based techniques for the 
site-specific animal waste application planning at a catchment-wide scale was 
highlighted. The review focused on the site suitability analysis, degree of site 
suitability determination, and site-specific manure application planning techniques. 
Significant gaps were found in the literature within each of these areas.  
The appropriateness of the various methods of site suitability analysis and the effect 
of the number of input factors on areal extent of suitability are unknown. While a 
method to assess the degree of site suitability is available, the effect of various data 
pre-processing methods on the analysis is still unknown. The development of 
catchment-wide site-specific animal waste application plans is not at all 
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encompassed in the literature. Therefore, there is a need to address these gaps for the 
development of a comprehensive manure application plan. 
The aim of this study is to establish a framework for the development of a 
comprehensive catchment-wide manure application plan for the site-specific 
application of animal waste as fertiliser in agricultural fields. The specific objectives 
necessary to achieve this aim are: 
1. to identify an appropriate GIS-based site suitability analysis technique and to 
evaluate the factor sensitivity in determining areal extent of suitability; 
2. to investigate the analytical factors influencing the degree of site suitability
determination and evaluate its possible use for site- pecific d cision-making; 
and 
3. to develop a geographic information system based catchment-wide manure 
application plan for the site-specific application of animal waste as fertiliser to 
agricultural fields. 
Chapter 3 Common Research Methods 
 
25
CHAPTER 3 
3 COMMON RESEARCH METHODS 
3.1 Introduction 
This chapter defines the project study area, discusses its suitability for this site-
specific manure management study, and delineates it from the digital elevation 
model (DEM). Structuring a DEM is a pre-requisite for the sub-catchment 
delineation. This chapter also provides the basis of identification, selection, and 
processing of input factors for the site-spec fic animal waste utilisation study. The 
common research methods applicable to chapters 4, 5, and 6 are outlined in this 
chapter, while the section specific details follow in the respective chapters. 
3.2 Study area 
The Westbrook Creek sub-catchment of the Murray-Darling River Basin was 
selected as the study area for this work. The Westbrook creek is situated close to the 
city of Toowoomba in south-east Queensland, Australia (Figure 3.1). This area was 
selected as the study site because of the: (a) presence of many intensive animal 
industries in the area, (b) presence of limited agricultural land for animal waste 
application, (c) water quality concerns in the area, (d) increasing demands for the 
establishment of new intensive animal industries, (e) availability of the digital data 
for the area, and (f) close proximity to the city of Toowoomba and the University of 
Southern Queensland.  
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Figure 3.1 Location of the study area: Westbrook sub-catchment in south east 
Queensland, Australia 
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A reconnaissance survey of the area was conducted prior to choosing the site fr the 
animal waste management study. The sub-catchment covers 24,903 hectares and 
contained 20 dairies, 4 cattle feedlots, 9 intensive piggeries, and 6 intensive poultry 
farms in 1998/99 (AgWise, 1999). The Westbrook area is relatively flat (ie 90 % area 
within 10% slope) with undulating to rolling hills (Figure 3.2a) and it is drained by 
the Westbrook Creek system (Figure 3.2b). Most of the flat and undulating areas 
have fertile self-mulching Vertisol soils (Isbell, 1996, p102) and are used for 
extensive farming (Figure 3.2c). The sizes of the farm holdings vary from tens to 
several hundred hectares. Other land-uses and vegetation include native pasture, 
woodlands, and open forest. There are no major townships within the sub-ca chment 
but the city of Toowomba adjoins the study area in the east. 
The common crops grown in the Westbrook creek sub- atchment include barley, 
wheat, maize, sorghum, soybean, sunflower, and lucerne. At the time of 
investigation, single yearly harvest is a common practice for most crops except 
lucerne, which is harvested seven times in a year. The use of animal waste for 
fertilising crops is currently restricted to the fields near the intensive animal 
production facilities. Chemical fertilisers are also widely used for fertilising crps in 
the sub-catchment. 
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(a) 
(b) 
(c) 
Figure 3.2 Photographs: (a) the general landscape of the study area, (b) the 
Westbrook Creek embankment, and (c) typical cultivated area 
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3.2.1 Using a sub-catchment as the study unit 
Catchments and sub-catchments are the fundamental hydrologic units commonly 
used for land and water resources management study (Moore et al, 1991). Using a 
sub-catchment as a study unit for animal waste application planning was one of the 
many possible options available for delineating the study area. Sub-catchments 
(catchments) are natural hierarchical dissections of landscapes connected in the 
direction of flow (Band, 1999). The subdivision of the landscape into catchments and 
sub-catchments is performed around the stream network and these areas are defined 
on the basis of the drainage network above the catchment outlet (Moore et al, 1991). 
Using a sub-catchment as a geographic boundary for animal waste application 
planning in agricultural fields was justified in this study on the basis that: 
· Application of animal waste, as manure in agricultural fields, requires adjusting 
the application rates to minimise surface water pollution. The net effect of 
animal waste application on surface water pollution can be conveniently 
monitored in a sub-catchment scale at the outlets. 
· The odour and dust pollution arising from animal waste sources are mostly 
restricted within the sub-catchment. This is because, the odour and dust usually 
rise up in the atmosphere and dilute at higher altitude before drifting away to 
the neighbouring sub-catchments. Any effect of odour and dust will therefore 
be most prevalent within the service sub-catchment. 
· Transportation network density within a sub-catchment is usually higher than 
between sub-catchments. This is due to the presence of higher hills as sub-
catchment boundaries that provide obstacles in road or railroad construction. 
Chapter 3 Common Research Methods 
 
30
Transport infrastructure is a prerequisite for relocating animal waste cost 
effectively and conveniently for field application. 
· Most agricultural areas are located on the lower slopes in the sub-catchm nt 
since the steep hills near the boundaries are often not suitable for agricultural 
practices. The cost of transportation of manure typically becomes restrictive if 
moved beyond the sub-catchment boundaries. 
· Leaching of nutrients to the groundwater system is a serious environmental 
problem. Knowledge of the surface water hydrology is important to protect the 
groundwater system since they are interconnected through the process of 
recharge and discharge. The catchment, which serves as the recharge zone for 
groundwater, is an appropriate unit to understand the surface water hydrology.  
3.2.2 Structuring the digital elevation model of the study area 
A digital elevation model (DEM) is an ordered array of numbers that represents the 
spatial distribution of elevations above some arbitrary datum in a landscape (Moore 
et al, 1991). The DEM serves as input for generating a number of other useful data 
sets including slopes, a pects, hillshades, flow accumulation, and flow direction. 
Sub-catchments can be readily delineated from the digital elevation model (DEM) 
provided the natural surface drainage (flow direction) is represented accurately in the 
DEM (Hutchinson and Gallant, 1999).  
Grid and triangulated irregular network (TIN) based methods are available within 
GIS for structuring a DEM. TOPOGRID is a grid-base  DEM structuring module 
available within ARC/INFO (ESRI, 1997). The CREATETIN followed by 
TINLATTICE is a conventional TIN-based DEM building procedure in ARC/INFO 
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(ESRI, 1997). The process shown in Figure 3.3 was followed to create the digital 
elevation models (10 m × 10 m cell size) for the approximated study area (Appendix 
A, Figure A.1) using both of these methods. The contour map (Appendix A, Figure 
A.2) and flow corrected stream network (Appendix A, Figure A.3) data of the 
approximated study area were used as inputs for structuring the DEM. Raw contour 
and stream network data sets from 1: 25,000 maps were pre-process d b fore using 
them as input. 
The digital elevation models created using the two different methods were correlated 
and found to be very similar (r = 0.9945). However, the DEM structured using the 
TOPOGRID-based method was selected for the sub-catchment delineation due to its 
computational efficiency, simple structure, and compatibility with raster GIS (Moore 
et al, 1991). A hillshade view was created from the DEM for three-dimensional 
viewing of the study area (Figure 3.4). 
The spurious sinks or local depressions, which may be formed due to insufficient, 
incorrect, or wrongly interpolated data (Hutchinson and Gallant, 1999), were filled in 
the TOPOGRID-based DEM to make it depressionless (Appendix A, Figure A.4). 
This is an essential step in using the DEM as input in catchment delineation (Moore 
et al, 1991). The accuracy of the DEM was verified through random comparison of 
spot heights between the DEM and the contour map. There was no apparent 
disagreement between the two maps. 
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Figure 3.3 A process used to structure the digital elevation model and delineate 
the sub-catchment 
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Figure 3.4 Hillshade view of the study area and the vicinities with overlaid 
stream network 
Fi
g
u
re
 3.
4 
H
ill
sh
a
d
e v
ie
w
 o
f 
th
e
 s
tu
d
y
 a
re
a
 a
n
d
 t
h
e
 v
ic
in
it
ie
s 
w
it
h
 o
v
e
rl
a
id
 s
tr
e
a
m
 n
e
tw
o
rk
 
Chapter 3 Common Research Methods 
 
34
3.2.3 Delineating the sub-catchment 
Delineation of the sub-catchment was achieved using the WATERSHED module in 
ARC/INFO. This process involved computing the flow direction and identifying the 
pour point (ie catchment outlet) prior to determining th catchment boundary. Flow 
direction (Appendix A, Figure A.5) and flow accumulation grids (Appendix A, 
Figure A.6) were computed from the selected DEM. The computed flow direction 
grid was used as input into the WATERSHED function of the ARC/INFO to 
delineate the sub-catchment boundary. The delineated sub-catchment boundary 
(Appendix A, Figure A.1) was used to clip all the input data sets including the 
depressionless DEM, which circumscribed the DEM of the study area (Figure 3.5). 
Figure 3.5 Delineated sub-catchment depicting the digital elevation model
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Since the accurate location of the pour point was critical in determining the 
catchment boundary, the flow accumulation and drainage (ie stream network) maps 
were overlaid onto the flow direction map to exactly locate the catchment outlet 
(pour point). The cell with the highest accumulated flow at the stream confluences 
was selected as the pour point and used to determine the areal extent of the study 
area. 
3.3 Selection of input factors 
Physical factors influencing the re-use of animal waste as manure in agricultural 
fields were selected in consultation with local resource personnel using criteria based 
on recently published information (Table 3.1).  
Table 3.1 Selection of input factors for the site-specific manure management 
Factor 
selected 
Reasons for selecting the factor in this study 
References that have used the 
factor in selecting sites  
Soil types 
Soil properties such as permeability, texture, depth, 
and pH play important role in retaining applied 
manure and supplying nutrients to the crops (Sutton 
et al, 1999). Loss of nutrients is tied up with the 
sediment loss. Soil is the main factor in the Universal 
Soil Loss Equation that determines the nutrient loss 
from the fertilised fields (Schwab et al, 1980, p100).  
Hendrix and Buckley (1992); 
Jain et al (1995); Vorhauer and 
Hamlett (1996); Basagaoglu et al 
(1997); Towers and Horne 
(1997); He and Shi (1998); 
Yagoub and Buyong (1998)  
Soil fertility 
Current soil fertility status is important to avoid 
excessive waste application, which could lead to 
nutrient runoff. (Daniel et al, 1994; Safley, 1994). 
He and Shi (1998) 
Land use 
and Land 
cover 
Land cover/use factors are critical because they 
determine the extent of manure nutrient utilisation by 
plants (Safley, 1994) and influence the nutrient runoff 
potential (Schwab, 1980, p100). 
Hendrix and Buckley (1992); 
Basagaoglu et al (1997); Towers 
and Horne (1997); Yagoub and 
Buyong (1998) 
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Ground 
Slope 
Slope factor is crucial due to its significant effect on 
the run-off of nutrients from the fields fertilised with 
animal waste (Schwab, 1980, p100; Safley, 1994). 
Hendrix and Buckley (1992); 
Jain et al (1995); Towers and 
Horne (1997); He and Shi (1998) 
Proximity 
to Streams 
Proximity to watercourses (eg streams) considered 
critical since the nutrients lost from the fields are most 
likely to end up in the watercourses if they are too 
close to the fertilised fields (Daniel et al, 1994). 
Hendrix and Buckley (1992); 
Jain et al (1995); Basagaoglu et 
al (1997); He and Shi (1998); 
Yagoub and Buyong (1998) 
Proximity 
to Towns 
Proximity to the population centre is critical because 
the offensiveness of manure odour decreases with 
distance (Safley, 1994). This is also a critical factor in 
determining landfill sites (Siddiqui et al, 1996).  
Siddiqui et al, (1996) 
Proximity 
to Roads 
Proximity to road is important because the hauling of 
manure economically is an important issue in manure 
management ( Eghball and Power, 1994). 
Jain et al (1995); Basagaoglu et 
al (1997); Yagoub and Buyong 
(1998) 
Intensive 
Animal 
Industries 
The amount of waste that can be relocated efficiently 
to suitable application sites depends on the location of 
animal industries (Beegle and Lanyon, 1994). 
He and Shi (1998) 
 
3.4 Data acquisition and pre-processing 
Point (location of intensive animal industries), line (contour, stream, and road 
network maps) and polygon (soil, land use, land cover, and cadastral maps) data sets 
were acquired in a variety of formats from various sources (Table 3.2). For precision 
and accuracy, only data sets derived from large-scale maps (eg 1:25000 and 1:50000) 
were chosen. 
The slope map was derived from the digital elevation model. Dairy, feedlot, piggery, 
and poultry map layers were merged into a single intensive animal industries (IAI) 
map. Residential (town) areas were derived from digital cadastral database as a 
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separate map layer. Available soil phosphorus information (Thompson and 
Beckmann 1959) was used to derive a soil fertility map by re-coding onto the soils 
map. Other data pre-processing operations included (Figure 3.6) data importing, edge 
matching, editing, projecting, cleaning topology building, deriving, reselecting, and 
clipping. The pre-processing of data was performed using ARC/INFO version 7.2.1 
(ESRI, 1997). The attributes of each input factor (Appendix B Table B.1) were 
carefully examined prior to pre-proc ssing. 
Table 3.2 Data acquisit on: sources, formats, scale, and uses 
Digital data Source 1 / Format / Scale Purpose/use 
Vegetation map for 
Murray Darling Basin  
DNR / ArcView Shape Files / 
Digitised from 1:25000  
Derived land cover data layer by 
selecting crop and pasture area. 
Cultivation map for 
south-east Queensland 
DNR / ArcView Shape Files / 
Digitised from 1:25000  
Derived land use map by excluding 
the native pasture areas. 
Cadastral dataset for 
Queensland 
DNR / ARC/INFO export file / 
Digitised from 1:25000  
Derived residential area (town map) 
of the study area.  
Drainage network for 
south-east Queensland 
DNR / ARC/INFO export file / 
Digitised from 1:25000  
Derived stream network to use as it is 
and also as input in TOPOGRID.  
Digital contour data 
(Topographic map) 
DNR / ARC/INFO export file / 10 
meter interval 
Used as an input in TOPOGRID to 
derive Digital Elevation Model 
Queensland State 
Digital Road Network  
ERSIS Australia / MapInfo 
format / 1:50000 
Derived road network map for the 
study area. 
CSIRO Soils map for 
south-east Queensland 
DNR / ArcView Shape file / 
Digitised from 1:50000  
Used as such as soils map and also 
used to derive soil fertility map. 
Intensive animal 
industries location maps 
AgWise / ArcView Shape file / 
1:25000 
Combined dairy, feedlot, piggery, and 
poultry maps – used as one input 
1 AgWise: A project of the Eastern Downs Regional Organisation of Councils, Queensland. 
  CSIRO: Commonwealth Scientific and Industrial Research Organisation, Australia. 
  DNR:    Department of Natural Resources, Queensland. 
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All nine factors (ie soils, soil fertility, land cover, land use, slope and proximity to 
towns, streams, roads, and intensive animal industries) were pre-process d to prepare 
vector coverages for vector-based analysis. Areas totally unsuitable for animal waste 
applications were removed by re-selecting the soil, land use, land cover and slope 
coverages and buffering the town, stream, road, and intensive animal industries 
maps. The criteria used to exclude totally unsuitable areas are shown in Table 3.3. 
These map layers were used for vector-based analysis 
All nine factors (ie final output of pre-processing operations in Figure 3.6) were also 
converted to grids (rasterised) to be able to perform raster-based analysis using the 
ARC/INFO GRID module. A 10-m by 10-m cell resolution was selected to 
adequately maintain the required details (eg stream and road width, ground slope, 
IAI locations) sufficiently. This cell resolution was considered suitable for the scale 
of intended study and appropriate for the datasets derived from the map scale of 1:25 
000 and 1:50 000 used in this study. 
The soil fertility grid layer did not have any totally unsuitable areas. Euclidean 
distances were calculated for each of the stream, road, town, and intensive animal 
industries data layers to enable the classification and rating of input factors on the 
proximity basis. All the raster grids were converted from the floating-point t  a  
integer grid to make the attribute tables available for factor attribute standardisation. 
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Figure 3.6 Data pre-processing operations  
Digital data acquired in various formats 
(eg contour, stream network, soils, cultivation, vegetation, intensive
animal industry locations, cadastral data, and road network)
Imported to ARC/INFO format
Edgematched / Edited / Corrected / Cleaned /Build
Projected to Universal Transverse M cator (UTM)
Processed outputs: 
(DEM structured using contour and stream data,
sub-catchment delineated from the DEM, and
slope calculated from the DEM)
Derived maps (eg soil fertility
from soils, IAI from intensive
animal industry locations)
Reselected maps (egland use
from cultivation, land cover
from vegetation)
Final ARC/INFO coverages created by clipping the following
maps with the delineated sub-catchment boundary: 
land use, land cover, soils, soil fertility, stream network, 
township, intensive animal industries, slope, and road.
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Table 3.3 Exclusionary criteria applied to input factors selected for site 
suitability determination for animal waste application in agricultural 
fields 
Selected category Relevant information from the literature 
Crop/pasture (land 
cover) 
Land cover contained areas such as woodland, forest, and settlement 
that are not suited for animal waste application. 
Cultivated land (land 
use) 
Land use included both cultivated and uncultivated areas. Application of 
animal waste is confined to cultivated areas only. 
Buffer zone of 250 m 
maintained from 
residential areas 1 
A buffer strip of 500 m from residential area is recommended for land 
application of sewage sludge (NSW Ag. and Fish., 1989). Use of animal 
waste as manure is however socially more acceptable. 
Buffer zone of 100 m 
maintained from 
watercourses  
A buffer strip of at least 100 m from surface water (eg streams) must be 
maintained for the land application of animal waste (He and Shi, 1998) 
and sewage sludge (NSW Ag. & Fish.,1989). 
Areas with shallow and 
stony soils were 
refrained from animal 
waste application  
The buffering capacity of a soil depends on soil pH, organic matter 
content and cation exchange capacity that are related to soil texture 
(NSW Ag. & Fish., 1989). Some naturally infertile very shallow, stony 
clay soil may have very little buffering capacity and high runoff.  
Areas with more than 
10 % slope excluded 
Use of animal waste should be limited to the ground slope of six percent 
or less, He and Shi (1998). Sludge should not be treated on ground with 
more than 10 % slope (NSW Ag. & Fish., (1989).  
A buffer zone of 25m 
maintained from road 
A minimum buffer width of 20 m must be maintained from farm roads and 
fence lines for the application of sludge (NSW Ag. & Fish., 1989). 
Areas within 100m from 
the IAI excluded 
Waste is generated but not applied within Intensive Animal Industries 
(IAI). A buffer distance of 100 m was set after visiting the production 
facilities.  
Available P less than 
1200 ppm. No area 
excluded.  
Nutrient loading based on P due to eutrophication problem (Moore et al, 
1995). Manure should not be applied for crop production purposes when 
soil P level exceeds 1504 ppm (Johnson and Eckert, 1995). 
1 halved the buffer distance considering animal waste more socially acceptable than the sludge 
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3.5 Site suitability evaluation 
Sites suitability analyses were performed using the raster GIS based weighted linear 
combination (WLC) model unless otherwise stated in the text. The use of WLC 
model required assigning weights to the input factors and standardising factor 
attributes prior to combining them linearly using the Equation 3.1. 
where,  
Si         = combined output grid with suitability values at ith cell locations 
fji.suit  = grid dot notation for factor attributes (ie class weight or numeric 
scale at ith cell location for jth factor ) and 
wj        = respective weight for factor fj 
 
The product of the WLC model is a site suitability map with unique suitability values 
assigned to each individual cell. For example, the weighted linear combination of 
input factors 1, 2 and 3 may produce an output map with suitability values as shown 
in the ‘output’ section of the illustration (Figure 3.7). The suitability values obtained 
from the WLC of factors were classified into various degree of site suitability. 
Descriptive statistical parameters including the weighted average, weighted standard 
deviation, coefficient of variation, range of values (Appendix D, Table D.1) and 
coefficient of skewness were calculated to evaluate the effects of various factors (eg 
weighting, standardisation) on the degree of site suitability measurements. Standard 
procedures (eg Walford, 1995, p71) were followed to calculate the descriptive 
statistical parameters. The statistical parameters were selected for the followings 
reasons: 
( ) [ ]å
=
´=
n
1j j
w  .suitjifi    S 3.1Equation 
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· Weighted average - used to quantify the central tendency of the cell values 
with higher weighted averages implying an overall increase in the suitability. 
· Coefficient of variation and the value range - measured the dispersion of the 
suitability values with higher coefficients of variation and/or wider value 
ranges indicating greater dispersion of the suitability val es. 
· Coefficient of skewness - calculated in some circumstances to measure the 
overall shift of the suitability values to the left (-) or right (+). 
 
 Factors Weight Suitability         
   1 2 1         
 Factor 1 2.0 × 1 2 1         
   3 2 2         
   +     Output  
   3 3 3     11 13 14  
 Factor 2 1.0 × 3 3 3 Final suitability 8 16 11  
   1 2 2     10 9 9  
   +         
   2 2 3         
 Factor 3 3.0 × 1 3 2         
   1 1 1         
 
 
Figure 3.7 The weighted linear combination of three factors producing an output 
map with various degree of site suitability (following the Figure 5.11 of 
Chrisman, 1997, p132). 
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CHAPTER 4 
4 SITE SUITABILITY ANALYSIS  
4.1 Introduction 
The usefulness of location modelling, in selecting sites suitable for using animal 
waste as fertiliser, has been highlighted in the review of literature (Chapter 2). 
However, there are several ways of conducting these analyses. In this chapter, the 
vector-based Boolean overlay and raster-b ed weighted linear combination methods 
are used to identify sites suitable for animal waste application. These methods are 
compared (Section 4.3.1) and the results field validated (Section 4.3.2). The 
weighted linear combination method is then evaluated through a sensitivity analysis 
(Section 4.3.3) and a new method of weighting the input factors presented (Section 
4.3.4).  
4.2 Selecting Sites Suitable for Animal Waste Application 
Safe, sensible, and economical use of animal waste, as fertiliser to agricultural fields 
requires identification of suitable manure application sites. Selection of suitable sites 
is not possible without assessing the many influential factors. It often involves 
overlaying more than one factor (criteria) graphically and/or combining databases to 
identify areas with the best spatial or attribute conditions (Davis, 1996, p297). The 
selection of sites suitable for animal waste application is essentially a multi-criteria 
analysis that may be performed by using either vector or raster GIS-based site 
suitability analysis methods.  
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4.2.1 Vector-based site suitability analysis 
Boolean overlay is a conventional site suitability analysis method usually performed 
using a vector GIS-based data structure (DeMers, 2000, p350; Eastman, 2000). In 
this technique, each input factor is converted into Boolean (ie logical yes/no) 
statements of suitability (ie suitable or unsuitable) for the decision under 
consideration. These pre-processed factors are then combined using binary (ie two at 
a time) intersection or union operations (Chrisman, 1997, p108) to determine the 
suitable sites. Since the Boolean logic works on crisp spatial mapping in which areas 
are designated as either suitable or unsuitable by a simple binary number system 
(Eastman, 2000), all the selected areas are considered equally suitable.  
4.2.2 Raster-based site suitability analysis 
The weighted linear combination (WLC) is one of the most common multi-criteria
based site selection procedures used within a raster-based GIS. The WLC model 
involves adding the suitability values of each raster cell of the input factors on a cell-
by-cell basis to produce a suitability map (Church, 2000; Eastman, 2000). Since the 
WLC model characteris s locations based on spatial coincidence, this model is 
capable of both identifying suitable sites and discriminating those sites into various 
degrees (ie levels) of suitability (Siddiqui et al, 1996; Eastman, 1999). The degree of 
site suitability information is potentially useful for the site-spec fic animal waste 
application. However, this information should be treated carefully since it may be 
affected by many variables including the number of input factors, weight distribution 
between factors, and methods of factor attribute standardisation.  
The number of input factors may vary depending on the purpose of the analysis, 
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location, and other relevant circumstances. Logically more input factors could mean 
fewer suitable areas because each input factor imposes additional site suitability 
constraints (Towers and Horne, 1997). The input factors such as soil type, inherent 
soil fertility, land use, topography, as well as proximity to water bodies, residential 
areas, roads, and waste production sites are frequently included in site suitability 
determination for waste application (Hendrix and Buckley, 1992; He and Shi, 1998). 
However, many other factors could also be included in the analysis. 
The WLC model provides the option of allocating different weights to the input 
factors. The input factors may be weighted differently because they are likely to 
contribute differently in the site suitability determination process. This is a useful 
capability for the determination of the degree of site suitability. The input factors in a 
WLC model are conventionally weighted using an analytical hierarchy process 
(AHP) based on the pair-wise comparison method (Banai-K shani, 1979). The AHP-
based pair-wise comparison method determines weight by comparing inherent 
qualities of the factors but it does not consider location specific importance 
(Eastman, 2000). However, Eastman and Jiang (1996) suggested the use of an 
ordered weighted average (OWA) in addition to the AHP to account for the site-
specific importance of the input factors. Hence, in the conventional technique there 
are two sets of weights: (a) factor weights that apply to specific factors and (b) order 
weights that apply to the ranked factors (Eastman, 2000). 
Input factors may vary widely in their attributes. For example, slopes may vary from 
0 to 20 %, proximities to stream may vary from 0 to 4.5 km, and soil types may vary 
from “very poor” to “very good”. These factors cannot be combined linearly using a 
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WLC model without bringing them to a common numeric range. The standardisation 
of factor attributes is therefore a necessary step to make the input factors 
commensurable (Eastman, 1997, p9-5). The input factors (ie grids) are pre-processed 
by masking out the totally unsuitable attributes and standardising the remaining 
attributes by either breaking them into discrete classes (eg Jain et al, 1995; Siddiqui 
et al, 1996) or by rescaling them in a linear scale (Eastman, 1997, p9-10) of a fixed 
range (eg 0 to 1, 0 to 100, or 0 to 255).  
Classification is an essential part of the data reduction process, whereby complex sets 
of observations are simplified. Although all classification involves a loss of 
information, a good classification scheme (eg natural grouping) aims to reduce 
information loss to a minimum (Burrough, 1989). Classification to a manageable 
number of classes (eg three to five) is common in site suitability analysis. The 
rescaling of factor attributes is commonly based on ‘fuzzy set’ logic as introduced by 
Zadeh in 1965 (Burrough, 1989). However, a critical issue in rescaling method is the 
choice of the endpoints at which set membership reaches the lower or upper limits 
(Eastman, 1997, p9-11). 
4.2.3 Objectives 
In brief, suitable sites may be identified using either vector- or aster-based methods. 
If a raster-based method is selected, the input factors may be weighted and 
standardised differently. Due to the many choices and possible variations between 
and within methods, there is a need to: 
· compare and contrast the vector and raster-based site suitability analysis 
techniques for animal waste application planning; 
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· verify the accuracy of the weighted linear combination method through field 
validation of the prediction outcomes; and 
· evaluate the sensitivity of the weighted linear combination method and develop 
an appropriate m thod of input factor preparation.  
4.3 Materials and methods 
Sites suitable for animal waste application were determined using both vector-based 
Boolean overlay and raster-based weighted linear combination methods. The study 
area, pre-processing and general an lytical methods were as reported in Chapter 3. 
4.3.1 Comparison of vector- and raster-based analyses 
The nine pre-processed vector coverages (Appendix B, Figure B.1 – B.9) and nine 
raster grids (Appendix B, Figure B.10 – 8) were respectively used for vector- and 
raster-based site suitability analysis. The areas totally unsuitable for animal waste 
application were identified and excluded from each of the input factors (Section 3.4). 
The remaining potentially suitable area in each vector- and raster-based input layer is 
shown in Table 4.1. Potentially suitable area is the maximum area available for 
animal waste application in any particular input layer.  
All the pre-processed vector coverages were combined using a binary intersection 
operation (Figure 4.1) to create a vector-based site suitability map for animal waste 
application. However, the overlay of irregular polygons using the vector-based
method may produce redundant arcs and sliver polygons due to a mismatch of the 
polygons (Burrough and McDonnell, 1998, p60; DeMers, 2000, p353). Hence, the 
sliver polygons were eliminated and redundant arcs were dissolved prior to finalising 
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the vector-based site suitability map.
Table 4.1 Input factors and potentially suitable rea for each input factor 
Potentially suitable areas (Total area 24903 ha) Input 
Factors 
Features selected 
as suitable Vector inputs       (%) Raster inputs       (%) 
Land cover Crop and pasture 10719 43.0 10720 43.0 
Land use Cultivated area 11934 47.9 11936 47.9 
Proximity to town Beyond 250 m 17267 69.3 17387 69.8 
Proximity to stream Beyond 100 m 18136 72.8 17833 71.6 
Soils Non-stony/deep 19008 76.3 19009 76.3 
Slopes Below 10 % slope 22655 91.0 22451 90.2 
Proximity to road Beyond 25 m 23275 93.5 23116 92.8 
Proximity to IAI Beyond 100 m 24788 99.5 24783 99.5 
Soil fertility No constraint 24903 100 24903 100 
 
For the raster analysis, the pre-processed raster grids were weighted and standardised 
using the process shown in Figure 4.2 prior to the sui ability analysis. The potentially 
suitable areas for each raster input factor (Table 4.1) were classified into a single 
class and assigned a class weight of one. Thus, each suitable raster cell of the input 
grids contained a suitability value of on. These standardised input factors were 
combined sequentially in the order presented in Table 4.1 using the WLC model 
(Equation 3.1) within the ARC/INFO GRID (ESRI, 1992) module. The composite 
suitability score, obtained from the WLC of input factors, was amplified using an 
arbitrarily chosen multiplier of 10. 
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Figure 4.1 Site suitability analysis using a vector-based binary intersection 
operation 
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Finally, the first suitability map produced using the vector-based binary intersection 
(Boolean overlay) operation was compared with the suitability map derived using the 
raster-based WLC model. The comparison was made in terms of the areal extent of 
suitability as affected by the number of input factors. 
Figure 4.2 Processing of factors to use as input in WLC model 
4.3.2 Field validation of suitability measurements 
The suitability map derived using the raster-based method was compared with data 
obtained from field observations. Sixty-two sites in the sub-catchment were 
randomly visited (Appendix D, Figure D.1). The ArcView extension “Random 
Points” was used to select sixty-two sites randomly. A global positioning system was 
used to confirm the geographic positions of the sites visited. The suitability of each 
Input Factors
(Grids)
Methods of 
Weighting
Input Factors
Factor attribute
Standardisation
Methods
Continuous
Scaling
Classes
Discrete
Classification
Class
Weights
Conventional
Proposed
method
AHP
OWA
OOC
AHP: Analytic Hierarchy Process
OWA: Ordered Weighted Average
OOC: Objective Oriented Comparison
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site was assessed on the basis of a simple questionnaire (Table 4.2) and the assessed 
sites digitised to produce an observed map. A separate predicted map was also 
created following the extraction of suitability information for the same sixty-two 
points from the suitability map produced using the raster-based m thod. The 
observed and predicted maps were compared statistically. An error matrix was 
generated that allowed the calculation of errors of omission, errors of commission 
and the Kappa index of agreement. The Kappa index is the proportion of agreements 
after chance agreement has been excluded and its value ranges between + 1.0 (total 
agreement) and –1.0 (no agreement) (Kraemer, 1982). 
Table 4.2 Questionnaire for field assessment of site suitability 
Is this area … agricultural land? Yes/No 
 relatively flat (< 10 % slope)? Yes/No 
 away (> 100 m) from watercourses? Yes/No 
Yes to all: 
Suitable 
 away (> 250 m) from residences? Yes/No 
 away (> 50 m) from major roads? Yes/No 
 generally suitable? Yes/No 
No to any: 
Unsuitable 
4.3.3 Sensitivity analysis  
The standardisation and weighting requirements of the WLC model indicated the 
possibility of obtaining various composite site suitability scores (ie degree of site 
suitability measurements), which could be of benefit for the site-specific application 
of animal waste in the suitable areas. However, the effect of the input variables on 
the degree of site suitability measurement is unclear. Therefore, sensitivity analyses 
were conducted to evaluate the effect of the: (a) factor attribute standardisation (a) 
number of input factors, and (b) weight distribution between factors on the degree of 
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site suitability measurements.  
4.3.3.1 Effect of factor attribute standardisation 
The classification method of standardisation was chosen to evaluate the effect of 
input factor standardisation on the degree of site suitability measurement. The 
potentially suitable areas for each factor were classified into five classes each, except 
for the land cover and land use (Table 4.3), which were maintained as single-class 
factors due to a lack of appropriately categorised data. While the classifications were 
arbitrary, either the natural boundary (eg soil type) or equal data intervals were used 
as class breaks to minimise any possible information losses. 
Factor attribute classes were weighted using the ‘WEIGHT’ module within the 
IDRISI software. This module employs a pair-wise comparison method developed by 
Saaty (Eastman, 1997, p9-11) in an AHP decision-making process. The AHP 
computes weights statistically from a given set of a pair-wise comparison matrix 
(Banai-Kashani, 1989). Numeric scores to a total of one (zero as least and one as 
most suitable) were assigned to the factor attribute classes (Table 4.3). A consistency 
ratio of less than 0.05 was maintained indicating that the weight determination matrix 
was acceptable (Eastman, 1997, p-13). 
The pair-wise comparison matrices (eg Table 4.4) were developed by making 
comparisons between classes on the basis of their level of suitability for manure 
application. Previous studies (eg Banai-Kashani 1989; Siddiqui, 1996) were used as a 
guide to determine the relative importance of classes. Class weights derived through 
this process were transferred to the value attribute table of the respective input grid 
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as a separate item. 
Table 4.3 Classification and weighting of factor attributes for raster-based site 
suitability analysis 
Factors Factor attribute classification and weight distribution between classes 
 Classes I II III IV V 
Weights 0.5146 0.2487 0.1247 0.0649 0.0471 Soil fertility P 
content (ppm) 1 
Attributes 0 - 100 101-350 351-700 701-1000 1001-1504 
Weights 1.0000 
Land cover 2 
Attributes Crops and pasture area 
Weights 0.0471 0.0649 0.1247 0.2487 0.5146 
Soil types 3 
Attributes Poor Medium Good Better Best 
Weights 0.0333 0.0634 0.1290 0.2615 0.5128 Ground slopes 
(%) 
Attributes  > 8 - 10 > 6 – 8  > 4 - 6  > 2 - 4 0 - 2 
Weights 0.0333 0.0634 0.1290 0.2615 0.5128 Proximity to 
stream (m) 
Attributes 101-250 251-500 501-750 751-1000 > 1000 
Weights 0.2505 0.2214 0.1972 0.1756 0.1553 Proximity to IAI 4 
(m) 
Attributes 101-1500 1501-3000 3001-4500 4501-6000 > 6000 
Weights 1.0000 
Land use 2 
Attributes Cultivated land 
Weights 0.2505 0.2214 0.1972 0.1756 0.1553 Proximity to 
roads (m) 
Attributes 26-500 501-1000 1001-1500 1501-2000 >2000 
Weights 0.0333 0.0634 0.1290 0.2615 0.5128 Proximity to 
townships (m) 
Attributes 251-750 751-1250 1251-1750 1751-2250 > 2250 
1 Phosphorus in parts per million 
2 single classed factors 
3 Soil factor classified by ranking soil properties including depth, texture, permeability, and pH 
4 IAI: Intensive Animal Industries 
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Table 4.4 Example of the pair-wise comparison matrix 1 for class weight 
determination associated with the “proximity to stream” factor 
Classes Class 1 Class 2 Class 3 Class 4 Class 5 Class weights 
Class 1 1 1/3 1/5 1/7 1/9 0.0333 
Class 2 3 1 1/3 1/5 1/7 0.0634 
Class 3 5 3 1 1/3 1/5 0.1290 
Class 4 7 5 3 1 1/3 0.2615 
Class 5 9 7 5 3 1 0.5128 
Consistency ratio = 0.05 Total weight 1.0000 
1 Scores: 1 = Equal importance: row and column variables (ie classes) contribute equally to the 
objectives; 9 = Extreme importance: column variable is extremely highly influential as compared to 
row variable; 1/9 = Extreme importance: reciprocal if the row variable is extremely highly influential; 
1-9 = Intermediate importance 
 
The nine standardised input factors were combined using the WLC model (Equation 
3.1). The input factors were not weighted differently, however the computed 
suitability values (ie composite scores) were amplified ten times using an arbitrarily 
chosen multiplier. These suitability values were classified into areas of high, 
medium, and low suitability using the natural break method (Jenk’s Optimisation) 
available within the ArcView GIS software (ESRI, 1996, p104). The weighted 
average, the coefficient of variation, nd the value range of the suitability values 
were calculated (example presented in Table D.1, Appendix D) to infer the central 
tendency and determine the overall degree of site suitability. These results were 
compared against the reference measurement obtain d earlier (Section 4.3.1) using a 
single class for all nine input factors. 
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4.3.3.2 Effect of the number of input factors 
The effect of the number of input factors on the degree of site suitability was 
evaluated by combining standardised input factors sequentially in the order presented 
in Table 4.1. The degree of site suitability parameters (ie weighted average, 
coefficient of variation, and value range) was calculated (refer example presented in 
Table D.1, Appendix D) at each step to evaluate the effect of each additional input 
factor on suitability measurements.  
In this analysis, the input factors were not weighted differently. However, varying 
the number of input factors produces output grids with different ranges of suitability 
values that are not readily comparable. This problem was resolved by the application 
of appropriate multipliers to the suitability values. A multiplier of ten was arbitrarily 
selected to amplify the WLC model output obtained using all nine factors to ninety. 
The linear combination outputs obtained using less than nine factors were multiplied 
by appropriate factors (eg 45 × {f1.suit + f2 suit}, or 30 × {f1.suit + f2 suit + f3 
suit}, or 18 × {f1.suit +…+ f5.suit}) to ensure the same maximum possible value (ie 
ninety) in each case.  
4.3.3.3 Effect of factor weight distribution 
The effect of the weight distribution between the input factors on the degree of site 
suitability was examined. Analyses were conducted by assigning a higher weight to 
one input factor at a time and examining its affect on the si e suitability outcome. 
The nine standardised raster-bas d input factors (Table 4.3) were employed and the 
factor weights were distributed to a sum of one as required by the weighted linear 
combination model (Eastman, 1997, p9-12). A weight of 0.5296 was arbitrarily 
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chosen for the factor with higher weight while the remaining eight factors received a 
weight of 0.0588 each to maintain the sum of all the weight fractions equal to one. 
The suitability measurements were amplified using an arbitrarily chosen multiplier of 
ten.  
4.3.4  Weighting of input factors 
Differential weighting of input factors is desirable since the factors do not contribute 
equally in determining the suitable sites. The WLC model allows differential 
weighting but the selection of an appropriate weighting process is not well 
understood. The conventional AHP-based method (Figure 4.2) assigns weight by 
comparing inherent qualities of the factors but ignores any location specific 
importance (Eastman, 2000). Eastman and Jiang (1996) suggested the us  of an 
ordered weighted average (OWA) in addition to the AHP. However, preliminary 
investigation found the application of this method to be cumbersome and its 
appropriateness for determining sites suitable for animal waste application unclear. 
Hence, a new objective oriented comparison (OOC) method of weighting the input 
factors using objectives and scores obtained from a panel of stakeholders was 
devised.  
The OOC method (Table 4.5) involves identifying the overall objectives of the site 
suitability analysis and rating the contribution of each input factor in terms of 
fulfilling the set of identified objectives. In this process, an expert panel determines 
the overall objectives of the site suitability analysis for using animal waste as 
fertiliser in agricultural fields. They also rate the contribution of each factor in terms 
of fulfilling the identified objectives. 
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For this study, the objectives and scores for the OOC were determined via interview 
with a panel that included representatives (one each) of th  catchment stakeholders 
(ie a farmer, a local shire council member, a government official, and an university 
staff). Nine objectives (A to I in Table 4.5) were identified. The rating scale chosen 
was zero, one-half, and one to represent none, partial and full contribution, 
respectively. The ratings of individual experts were averaged to arrive at the scores 
(eg 0, ½, or 1) for each factor in the OOC matrix (Table 4.5). The summed score for 
each factor and the overall (grand) total were determined. The we ghts for individual 
input factors were subsequently calculated as the ratio of the total factor score and 
overall total score. 
The factor scores obtained in the OOC matrix (Table 4.5) rate the importance of each 
factor against all other factors. For example, the soil factor is five times more 
influential than the stream factor and 1.7 times more influential than the slope factor 
in fulfilling the defined objectives (Table 4.5). These factor scores are similar to the 
relative importance scores in the AHP-based pair-wise comparison matrix that 
compares two factors at a time (eg Eastman, 1997, p 9-12). Hence, the AHP-based 
pair-wise comparison method was used to evaluate the reliability and consistency of 
the OOC-based weight distribution. The factor scores obtained in Table 4.5 were 
used as the ratios in the AHP-based pair-wise comparison matrix to determine the 
factor weights. Conventional AHP-based technique was used to calculate the 
consistency of this method of pair-wise comparison. 
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Table 4.5 Objective oriented comparison (OOC) method of weighting input 
factors (based on the panel of four experts) 
Objectives 1 and Scores 2  
Input Factors A B C D E F G H I 
Factor 
score 
Factor 
 Weight 
Land cover ½ ½ 0 1 ½ 0 1 0 0 3½ 3½/27 = 0.1296 
Land use ½ ½ ½ 1 ½ 0 1 0 ½ 3½ 3½/27 = 0.1296 
Proximity to town 0 0 0 0 0 0 0 0 1 1 1/27 = 0.0370 
Proximity to stream 1 0 0 0 0 0 0 0 0 1 1/27 = 0.0370 
Soil ½ ½ 1 1 1 0 1 0 0 5 5/27 = 0.1852 
Slope 1 ½ 0 1 ½ 0 0 0 0 3 3/27 = 0.1112 
Proximity to road 0 0 0 0 0 0 0 1 0 1 1/27 = 0.0370 
Proximity to IAI 1 0 0 0 0 1 0 1 1 4 4/27 = 0.1482 
Soil fertility ½ ½ 1 1 ½ 1 ½ 0 0 5 5/27 = 0.1852 
Overall total 27 S Weight = 1.0000 
1 Contribution of input factors: A = reducing surface water pollution; B = reducing ground water 
pollution; C = reducing soil contamination; D = reducing run-off loss of nutrients; E = reducing 
leaching loss of nutrients; F = avoiding excessive use of manure; G = increasing nutrient use 
efficiency; H = reducing cost of manure application; I = reducing air pollution (odour)  
2 0: no contribution; ½: partial contribution; 1: full contribution 
 
4.4 Results 
4.4.1 Comparison of vector- and raster-based analyses 
The vector-based binary overlay method (Figure 4.1) produced a suitability map with 
21.7 % of the total area identified as suitable for animal waste application in the 
Westbrook sub-catchment (Figure 4.3). The suitable area identified using the raster-
based method (Figure 4.4) was 16.2 % and the suitability score extended up to 90 
(Table 4.6).  
Chapter 4 Site Suitability Analysis 
 
59
Figure 4.3 Sites suitable for animal waste application (Vector method) 
Figure 4.4 Sites suitable for animal waste application (Raster method) 
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Increasing the number of input factors in the order presented in Table 4.1 effectively 
reduced the areal extent of site suitability in both vector and raster methods (eg Table 
4.6; Figure 4.5). Suitable area was affected by all input factors except s il fertility. A 
significant reduction in suitable area occurred due to the inclusion of input factors 
with less potentially suitable areas (eg land cover, land use, proximity to town, and 
proximity to stream). Some input factors (eg proximity to streams and soils) caused a 
greater reduction of suitable area in the raster-based method. The comparison of total 
suitable areas delineated using vector and raster methods revealed a substantial 
difference of 5.5 % (Table 4.6). The raster-based method also produced site 
suitability values that increased with the number of input factors used (Note: input 
factors classified into single class each in this case – refer Section 4.3.1).  
Table 4.6 Site suitability measurements as affected by the number of input 
factors in vector and raster methods 
Suitable area (ha) Raster method Number of 
input factors 
Factors included in the 
analysis  Vector Raster Suitability value1 
2 Land cover and Land use 8472 8208 20 
3 plus proximity to town 7158 6736 30 
4 plus proximity to stream 6444 4835 40 
5 plus soil 5892 4161 50 
6 plus percent slope 5469 4147 60 
7 plus proximity to road 5397 4054 70 
8 plus proximity to IAI 5395 4043 80 
9 plus soil fertility 5395 4043 90 
 Total suitable area (%) 21.7 16.2 1 (10 for each factor) 
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Figure 4.5 Effect of the number of input factors on suitable areas identified using 
a raster-based method 
4.4.2 Field validation of sites identified using the raster-based WLC method 
The comparison of the observed and predicted maps, for the 62 randomly selected 
sites, revealed an overall agreement of 87.1 % (Table 4.7). The Kappa (K) index of 
agreement, which measures the proportion of agreements after chance agreement (ie 
expected frequency) has been excluded, was 0.71 on a scale of –1 (no greement) 
and +1 (full agreement). The number of incorrectly predicted suitable areas was 
slightly higher with the error of omission being 0.217 (Table 4.7). 
Table 4.7 Error matrix and Kappa index of agreement  
 Observed 
 Suitable Unsuitable Total Error of commission 
Suitable 18 (8) 3 (10) 21 0.143 
Unsuitable 5 (15) 36 (26) 41 0.122 
Total 23 39 62 
Pr
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Errors of omission 0.217 0.077 K = 0.71 
Accuracy 87.1 %  
Figures within brackets are the expected frequencies 
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4.4.3 Sensitivity analyses 
The weighted linear combination of nine input factors, classified and weighted as 
shown in Table 4.3, resulted in degree of site suitability measurements that ranged 
between 27 and 46. This contrasts with the single suitability value of 90 that was 
obtained when using single classes for each of the input factors (Table 4.6). The 
weighted average of the suitability values was 32.31 with a coefficient of variation of 
6.9 % (Table 4.8). The discrete classification of the suitability values into three 
classes using the natural break function revealed that most (ie 16 % of total) areas 
were low to moderately suitable (Table 4.8, Figure 4.6).  
Table 4.8 Summary of the WLC method based site suitability analysis  
Degree of suitability 1  
Area 
Low Medium High 
Suitable (ha) 4043 1708 2248 87 
Weighted 
average 
CV (%) 
Range of 
cell values 2 
Suitable (%) 16.23 6.86 9.02 0.35 32.31 6.91 19 (27 – 46) 
Unsuitable (ha) 20860 
Total (ha) 24903 
1 Cell values classified using natural break function 
2 Maximum possible value = 90 (refer Table 4.6) 
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Figure 4.6 Sites suitable for animal waste application in the Westbrook sub-
catchment  
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The number of input factors used in the analysis affected the degree of site suitability 
measurements. The weighted average decreased to about 33 and the coefficient of 
variation increased to about 7 % as the number of input factors increased from two to 
nine (Table 4.9). There was no clear trend in the value range however it generally 
increased as the number of input factors increased. The inclusion of each factor, 
including soil fertility, which had 100 % potentially suitable area (Table 4.1), showed 
affect on the degree of site suitability measurements. 
Table 4.9 Effect of the number of input factors in the areal extent and the 
degree of site suitability for animal waste application 
Areal extent of site 
suitability 
Degree of site suitability 
parameters 
Number of 
input 
factors 
added 
Factors included in the 
analysis  Area 
(ha) 
Area 
(%) 
Weighted 
average 1 
CV (%) 
Value 
range 
2 Land cover and Land use 8208 32.96 90.00 0.00 0 
3 plus proximity to town 6736 27.05 62.05 3.32 14 
4 plus proximity to stream 4835 19.41 47.69 3.77 12 
5 plus soil 4161 16.71 40.88 5.06 18 
6 plus percent slope 4147 16.65 39.33 7.81 22 
7 plus proximity to road 4054 16.28 36.75 7.15 19 
8 plus proximity to IAI 4043 16.23 34.85 6.53 17 
9 plus soil fertility 4043 16.23 32.31 6.91 19 
1 Maximum possible value using single class in all nine input factors= 90 (refer Table 4.6) 
 
The weight distribution between the input factors affected the degree of site 
suitability measurement with substantial differences in the weighted average, 
coefficient of variation, and value range calculated (Table 4.10). Assigning a higher 
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weight to single-classed input factors (eg land cover, land use) resulted in the highest 
weighted average and the lowest coefficient of variation. It should be noted that the 
weighted average obtained using the same factor weight for each input factor was 
32.31 with a coefficient of variation of 6.9 %, and a value range of 19 (Table 4.8). 
Table 4.10 Effect of factor weights on degree of site suitability for animal waste 
application 
Input Output 
Degree of suitability parameters Factor 
assigned a 
weight of 
0.5296  
Weight 
assigned to 
all other 
factors 
Areal extent of 
suitability Area 
(ha) 
Weighted average 
of values 1 
Coefficient of 
variation (%) 
Range of 
cell values 
Land cover 4043 59.5 2.0 10 
Land use 4043 59.5 2.0 10 
Slope 4043 32.0 23.4 30 
IAI 4043 27.3 4.9 12 
Road 4043 27.2 5.4 13 
Soil 4043 23.3 17.9 30 
Fertility 4043 22.7 21.6 29 
Towns 4043 19.9 14.9 26 
Stream 
0.0588 
each 
4043 19.7 12.4 30 
1 Maximum possible value = 90 
 
4.4.4 Evaluation of the OOC method 
The factor weights and consiste cy ratio derived using the OOC-based factor scores 
(Table 4.5) within the AHP-based pair-wise comparison matrix are shown in Table 
4.11. The weights derived using the OOC (Table 4.5) and AHP (Table 4.11) methods 
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were not different. Weighting of factorsusing the factor scores obtained via the OOC 
method (Table 4.5) was highly consistent (Table 4.11). 
Table 4.11 Weighting of input factors using AHP based WEIGHT module 
Pair-wise comparison matrix derived using OOC scores as ratios 
Factors La
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Weights 
between 
factors 1 
Land cover 1         0.1291 
Land use 1 1        0.1291 
Prox. to town 1/3½ 1/3½ 1       0.0372 
Prox. to stream 1/3½ 1/3½ 1 1      0.0372 
Soil 5/3½ 5/3½ 5 5 1     0.1854 
Slope 3/3½ 3/3½ 3 3 3/5 1    0.1114 
Prox. to road 1/3½ 1/3½ 1 1 1/5 1/3 1   0.0371 
Prox. to IAI 4/3½ 4/3½ 4 4 4/5 4/3 4 1  0.1481 
Soil fertility 4/3½ 4/3½ 5 5 1 5/3 5 5/4 1 0.1854 
1 Highly consistent (consistency ratio of weight distribution = 0.0) 
 
4.5 Discussion 
4.5.1 Comparison of vector and raster methods of site suitability analysis
The vector-based Boolean overlay and raster-b ed weighted linear combination 
methods, respectively, identified 21.7 % and 16.2 % area of the Westbrook sub-
catchment as suitable for animal waste application. The relatively small percentage 
of suitable area is attributed to the presence of a large proportion of non-agricultural 
land use (refer Figure B.4 and B.13 in Appendix B) in the sub-catchment. A 
difference of 5.5 % in the prediction of suitable areas between the two methods was 
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principally due to the differences in the (a) potentially suitable area in some input 
factors (eg proximity to stream, o d and town and slopes in Table 4.1) and (b) logic 
of the aggregation operation.  
Despite the use of the same exclusionary criteria (Table 3.3), differences in data 
structure between vector and raster systems create differences in the areas identified 
as potentially suitable. With vector data, areas are described by lines connecting a 
series of points (Chrisman, 1997, p62) while the raster data divides the area into 
rectangular grids or pixels of a specified cell size (Chrisman, 1997, p66). 
Consequently, the cell size dominates the data accuracy and flexibility in the raster 
method. Smaller cell sizes (eg 1m × 1m or less) would permit the raster data to 
approximate the vector data. However, the availability of raster data at a fine 
resolution is rare due to increased data collection costs and high storage requirements 
(Chapman, 1997, p67). In this analysis, vector data (eg proximity to streams and 
roads, soils) were rasterised to 10m ´ -cell resolutions. Rasterisation made the 
data less precise due to the use of grid cells to represent the linear features (Tomlin, 
1990, p41). Further reduction in the cell size was not considered practical due to a 
lack of appropriately scaled data. Therefore, the differences in potentially suitable 
areas in the input factors between vector and raster data structure (eg proximity to 
streams and roads in Table 4.1) remained and this difference has influenced the final 
suitable area.  
Differences in the operation logic could be another reason for the difference in 
estimated suitable areas between the two methods. Eastman (2000) reported that the 
main source of discrepancies in the suitable areas estimated by the vector and the 
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raster methods were due to differences in the logic of operation. The vector-based 
Boolean intersection operation works in the principle of crisp spatial mapping while 
the raster-based weighted linear combination model allows factor trade-off (Eastman, 
2000). However, this effect should have been minimised in this study because the 
totally unsuitable areas were excluded from each of the input factors prior to the 
suitability analyses. This should have effectively reduced the possible factor trade-off 
in the raster method.  
Irrespective of the difference in suitable area, both the vector and raster methods 
responded similarly to the increase in the number of input factors. Suitable area 
decreased as the number of input factors increased (Table 4.6). This was due to the 
imposition of additional constraints because each input factor (except soil fertility) 
has some areas excluded as unsuitable (compare total and potentially available areas 
in Table 4.1). However, the areal extent of suitability decreased dramatically due to 
the input of the first five factors and the decrease was more severe in the raster 
method (Table 4.6). This is most likely due to the presence of a large proportion of 
unsuitable areas in the respective input factors. For example, the combined factors of 
land cover and land use eliminated 67 % of the total sub-ca chment area (Table 4.6) 
due to limited included area in these factors (Table 4.1). For similar reason, an 83 % 
decrease in the suitable area was caused by the overlay of the first five input factors 
in the raster method (Table 4.6). Therefore, it seems reasonable to conclude that the 
minimum number of input factors required for site suitability assessment in this case 
is either four (for greater than 97 % accuracy) or five (for more than 99 % accuracy) 
in the raster-based method. It is however, difficult to identify the most constricting 
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factor on the basis of potentially suitable areas because the degree of overlap also has 
an affect on the total suitable area. Thus, the general principle should be to include 
first those factors with less potentially suitable area and the smallest overlap between 
the excluded areas to achieve the most rapid delineation of suitable areas by the 
successive input of each layer. The soil fertility coverage had no bearing on total 
suitable area in this analysis since this input factor did not exclude any area as 
unsuitable. Thus, only the input factors with reduced (ie less than 100 %) potentially 
suitable areas have an effect on the quantification of suitable areas. The selection of 
input factors for determining the suitable area may therefore safely exclude factors
with non-areal constraints.  
A major difference between the vector and the raster methods of site suitability 
analyses was the determination of the suitability values in the raster method (Table 
4.6). The raster method employs raster-cells and their suitability values to derive a 
map with composite suitability scores (eg Figure 3.7) capable of being ranked into 
various degrees of suitability (Chrisman, 1997, p132). In this analysis, the suitability 
scores were proportional to the number of input factors sed (Table 4.6) because all 
of the raster cells in the input factor layers were assigned the same suitability value 
of one. However, the raster-cells can be classified and valued differently to produce 
varying suitability scores (eg Table 4.9). Thus, unlike the vector-based method, the 
input factors used in the raster-b ed method contribute to both the areal extent and 
the degree of site suitability. The possibility of determining the degree of site 
suitability measurement is an added benefit of the raster-bas d method since this 
measurement could be used for site-specific decision-making (eg site-specific animal 
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waste application).  
The field validation conducted on 62 randomly selected sites revealed that the overall 
accuracy of the raster-based method in predicting the suitable area was 87.1 % and 
the Kappa (K) index of agreement was 0.71 (Table 4.7). As a Kappa value of +1 
represents total agreement and 0 represents a chance level of agreement (Kraemer, 
1982), the value of 0.71 is significant. The errors of omission and errors of 
commission, which measure the correctness of the prediction (Eastman, 1999), were 
all within an acceptable range except for the error of omission in the suitable 
category (ie 0.217 in Table 4.11), which is slightly high. This indicated that there 
were some sites, which were observed to be suitable, but were predicted as 
unsuitable. The most likely reason for these errors is due to the underestimation of 
the suitable area by the raster-b ed WLC model.  
4.5.2 Sensitivity analysis (degree of site suitability) 
The classification of the input factors into either a single class each (Section 4.3.1) or 
multiple classes (Table 3.4) resulted in different degree of site suitability 
measurements (Table 4.6 and 4.8). However, the classification and weighting option 
used (Table 4.3) represents only one of the many possible standardisation options. 
Since the classification options are likely to vary and these variations are likely to 
affect the degree of site suitability measurements, further ivestigation is required to 
determine the repeatability of the degree of site suitability measurements. 
Increasing the number of input factors in the raster-based WLC model produced an 
effect on the degree of site suitability measurements. The weighted average 
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decreased and the coefficient of variation and value range increased as the number of 
input factors increased (Table 4.9). However, the effect of the number of input 
factors on the degree of site suitability may not be as straightforward as it may 
appear. In the WLC model, the cell values in each input factor determines the 
composite scores (eg Figure 3.7) from which the degree of site suitability is 
calculated (eg Table D.1, Appendix D). The increase in the number of input factors 
causes most cell vaues in the product matrix to increase (Chrisman, 1997, p132). If 
single-classed input factors with a cell value of one for each cell are used, the 
increase in the composite score is proportional to the number of input factors in the 
product matrix. As a result the average score increases with the number of input 
factors (Table 4.6) but causes no change in the overall distribution of the suitability 
values. However, it should be noted that there was no increase in the weighted 
average (Table 4.9) since a multiplier (Section 4.3.3.2) was used to eliminate total 
score variations associated with changes in the number of input factors. 
When the input factors are classified into multiple classes, a complicated interaction 
between the number of classes, class size, weight distribution between classes, and 
the magnitude and distribution of the potentially suitable area appear to take affect 
the degree of site suitability outcome. The combined effect is often a reduction in the 
weighted average (Figure 4.5) and an incre se in the coefficient of variation and 
value range (Table 4.9). Thus, the effect of the number of input factors on the degree 
of site suitability measurement is dependent on the method of factor attribute 
standardisation. However, there is a need to further investigate the effect of the 
number of classes, class size, and weight distribution between classes on the degree 
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of site suitability measurements to be able to understand this phenomenon clearly.  
The weight distribution between input factors also affected the degree of suitability 
measurements considerably (Table 4.10). Assigning higher weights to some input 
factors (eg land cover and land use) resulted in a higher weighted average with a 
smaller coefficient of variation. However, assigning higher weights to other input 
factors (eg proximity to streams and towns) resulted in a much lower weighted 
average with a relatively high coefficient of variation (Table 4.10). The magnitude of 
the potentially suitable area in the input factors do not seem to contribute  this 
effect since the proximity to streams and towns factor do not have either very large 
or very small suitable areas (Table 4.1). However, it appears from the data and the 
map (refer Figure B.17 and B.18, Appendix B) that most of the potentially suitabl  
area in these input factors (ie proximity to streams and towns) is relatively less 
suitable. Since the effect of the factor weighting in the WLC model is to magnify or 
shrink the cell values of the relevant input factor (refer Figure 3.7), assi ning a 
higher weight to a factor with smaller (ie less suitable) cell values would logically 
produce a lower composite score resulting in a lower weighted average for the map. 
By comparison, the single-classed land cover and land use factors (Figure B.12 and 
B.13, Appendix B) have their entire area classified as highly suitable (ie cell value = 
1). Assigning higher weight to these factors produced cells with higher composite 
scores that increased the weighted average (Table 4.10). This may suggest that the 
proximity to streams and towns are the most constricting factors in terms of selecting 
suitable sites for animal waste application. The coefficient of variation was found 
highly variable depending on the factor most heavily weighted (Table 4.10). This 
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variability is associated with the distribution of the composite scores and requires 
evaluating each result separately, which was not undertaken at this instance. 
In summary, the sensitivity analysis revealed that the method of factor attribute 
standardisation is key to the degree of site suitability determination. It is the 
standardisation method that determines the cell values in the input factors, and it is 
the cell value that amplifies the effect of the number of input factors and the weight 
distribution between the factors on the degree of site suitability measurement.  
4.5.3 Objective oriented method of factor weighting 
The WLC model allows differential weighting of input factors because factors do not 
contribute equally to the degree of site suitability measurements. The objective 
oriented comparison (OOC) method (Table 4.5) was introduced in this study to 
assign weights to the input factors. The OOC method rationalised the weighting 
process by combining the effects of the conventional two-s aged (ie AHP followed 
by OWA) weighting process into one step. It simplified the factor weighting by 
asking an expert panel to define and prioritise focus on the objectives of the site 
suitability analysis.  
There was no difference between the factor weights calculated directly from the 
factor scores within the OOC method (Table 4.5) and derived using the same factor 
scores within the AHP-based pair-wise comparison method (Table 4.11). This is 
because the factor weighting is based on the principle of establishing relative 
importance of input factors in either method. The consistency ratio calculated for the 
AHP-based method was zero (Table 4.11) indicating that the weight distribution is 
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highly consistent. Unlike the comparison of two factors at a time in the conventional 
AHP-based method, the OOC method determines the factor scores relative to all 
other factors. Therefore, the weights derived using the factor scores are always 
highly consistent (consistency = 0.0) and there is no need to calculate the consistency 
ratio. The OOC method also maintains the factor weights to a sum of one (ie same as 
the AHP-based method) and thus fulfils the requirement of the weighted linear 
combination procedure (Eastman, 1997, p9-12). The OOC method is therefore 
suitable to weight input factors for weighted linear combination modelling. The 
major challenge in using the OOC method is the correct determination of the 
analytical objectives. Expert knowledge should be sought to formulate the objectives 
and to score the contribution of each input factor in fulfilling the objectives.  
4.6 Conclusion 
Vector-based Boolean overlay and raster-b ed weighted linear combination 
methods were evaluated to determine suitable sites for animal waste application in 
the Westbrook sub-catchment. The raster-based weighted linear combination method 
was found to be the preferred technique in selecting suitable animal waste 
application sites since this method is capable of identifying both suitable areas and 
ranking those areas into various degree of suitability. The degree of suitability could 
be of valuable benefit in site-specific decision-making. 
The estimated suitable areas using the raster- and vector-based methods were 16.2 % 
and 21.7 %, respectively. The overall accuracy of the raster-bas d site suitability 
analysis was 87.1 % and the Kappa index of agreement was 0.71. The comparatively 
small area available for animal waste application is a concern since there are already 
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thirty-nine intensive animal industries currently operating in the Westbrook sub-
catchment. There is a need to assess the capacity of the sub-catchment to fully absorb 
all the generated waste.  
The degree of site suitability was found to be influenced by the standardisation 
options, number of input factors, and the weight distribution between factors. A 
sensitivity analysis revealed that the method of factor attribute standardisation is the 
key to the degree of site suitability determination since the standardisation method 
determines the cell values and the cell values amplify the effect of the number of 
input factors and weight distribution between factors in the degree of site suitability 
measurement. Further study is needed to compare the effect of various 
standardisation methods on the degree of site suitability measurements.
An objective oriented comparison (OOC) method, introduced in this study, was 
found to be suitable and reliable for input factor weighting. The OOC method 
simplified the conventional weighting process by asking an expert panel to define 
and prioritise the objectives for the factor weighting. The method is highly consistent 
in distributing input factor weights. While it has been developed to weight input 
factors for selecting sites using the weighted linear combination model, it may be 
applicable elsewhere.  
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CHAPTER 5 
5 ASSESSING THE DEGREE OF SITE SUITABILITY  
5.1 Introduction 
The previous chapter identified the variables influencing the degree of site suitability 
measurements and envisaged the possibility of using this measurement for site-
specific decision-making. The effect of the number of standardised input factors and 
the weighting of factors on the degree of site suitability has been examined (Chapter 
4) to determine the reliability of such measurements. However, the effect of input 
factor standardisation on the degree of site suitability is not yet fully understood. 
Hence, the effect of conventional factor attribute standardisation (ie discrete 
classification and continuous rescaling) methods on the degree of site suitability 
measurements is assessed in this chapter. New adjusted weighting and equal-
incremented weighting techniques are devised to improve upon the conventional 
classification method of standardisation. The rescaling method of standardisation is 
based on a modified form of membership function. On the basis of this work, an 
appropriate standardisation method is suggested for manure application planning 
(Chapter 6). 
5.2 Degree of site suitability for animal waste application 
Some fields are better suited for animal waste application than others due to site-
specific limitations such as the proximity to streams, towns, and intensive animal 
industries and ground slopes, soil types, and inherent soil fertility. Application of 
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animal waste as fertiliser to agricultural fields with little or no consideration of the 
level of site suitability can lead to: 
· excessive use on some areas causing environmental hazards;  
· less use on other areas failing to meet crop nutrient requirements; and/or 
· unfavourable use in sensitive areas initiating socio-economic problems.  
Hence, the degree of site suitability measurement is important for an appropriate 
application of animal waste as fertiliser in agricultural fields. In the previous chapter, 
the raster GIS-based weighted linear combination (WLC) method was identified as a 
useful technique for selecting sites and ranking them into various degrees of 
suitability. However, there is a need to standardise input factors prior to using the 
WLC method for degree of site suitability determination (Eastman, 1997, p9-10; 
Jiang and Eastman, 2000). Standardisation is necessary to make the input factors 
commensurable since they vary widely in data types and range.  
5.2.1 Standardisation of input factors 
Factor attribute standardisation is the process of making various measures or indices 
commensurable by bringing them to a common numeric range (Malczewski, 1999, 
p20). Conventionally, attributes are standardised using either discrete classification 
or continuous rescaling methods (Burrough, 1989). In the discrete classification 
method, the factors are brought to a common numeric range by classifying their 
attributes into discrete classes (Banai-Kashani 1989; Jain et al, 1995; Malczewski, 
1999, p20). The classes are then scored or weighted (Banai-Kashani, 1989; Hendrix 
and Buckley 1992; Siddiqui et al, 1996) prior to using them in the WLC model 
(Davis, 1996, p234; Eastman, 2000). Alternatively, the factors may be standardised 
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by rescaling their attributes in a continuous numeric scale of a fixed range (Burrough 
et al, 1992). In the rescaling method, the attributes are converted to a common 
numeric range of 0 to 1, 0 to 100, or 0 to 255 (Hopkins, 1977; Burrough, 1989; 
Eastman, 1999). This method can be viewed and explained by the rapidly growing 
branch of mathematics concerned with inexact reasoning called “fuzzy set theory” 
(Burrough, 1989). Fuzzy sets are classes without sharp boundaries (Eastman, 1997, 
p9-33). Fuzziness refers to the imprecision in characterising classes that for various 
reasons cannot have, or do not have sharply defined boundaries (Burrough, 1989). 
5.2.2 Ambiguities about standardisation 
There are, however, uncertainties in the manner in which factor attributes are 
standardised and aggregated to yield final site suitability decisions (Eastman, 2000). 
Classification (or grouping) of factor attributes into discrete classes (eg Class I, II, 
and III) does simplify data structure for suitability analysis. However, the loss of data 
continuity, due to classification, may result in significantly different treatments for 
adjacent locations with very similar properties (Burrough, 1989). For example, the 
attribute of slope factor could be classified into three classes (Class I, II, and III) of 0 
to 3, 4 to 6, and 7 to 10 % slope, respectively. In doing so, the differences within 
each class (eg 0, 1, 2 and 3) are ignored (ie lumped together), while the consecutive 
values at the edges of these classes (eg 3 in class I, and 4 in class II) are significantly 
separated (Burrough, 1989). The separated values are often further exaggerated due 
to the differential weighting or ranking of classes. Weighting of factor attribute 
classes (eg 0.5, 0.3, and 0.2 for classes I, II, and III, respectively) or ranking (eg 10, 
7, and 5 for classes I, II, and III, respectively) is a necessary step since the classes are 
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expected to contribute differently. However, such weighting or ranking together with 
the breaking down of attributes into classes can result in a significantly different 
degree of site suitability measurements between two very similar locations. 
The rescaling method of standardisation may better represent some spatial features 
since many attributes (eg slopes and distances) change gradually in nature 
(Burrough, 1989). However, there are some discrete features (eg land use and land 
cover) that are not easy to rescale into  continuous numeric range. Typically, input 
factors are rescaled linearly using maximum and minimum attributes of the datasets 
as endpoints. However, the blind use of these endpoints for standardisation may 
create problems especially when the effects of factor attributes are not linear and/or 
extend beyond the endpoints (Eastman, 1997, p9-1 ). There is also no obligation to 
choose the endpoints of the datasets as the maximum and minimum values since 
rescaling could be done using membership functions (eg Burrough and McDonnell, 
1998, p270). The membership function expresses the degree to which an individual 
observation is a member of a set or a class (Burrough, 1996, p79). In a crisp (or 
Boolean) set, the membership is clear and the boundaries between clas es are sharp 
(or abrupt). However, using the fuzzy sets admits the possibility of partial 
membership and therefore the boundaries are continuous (Burrough, 1996, p78). The 
potential to use membership functions is an inbuilt feature in the IDRISI software 
(Eastman, 1997, p5-25). However, there are no existing guidelines on how to select 
an appropriate membership function. 
5.2.3 Effect of standardisation on degree of site suitability 
Due to the inherent differences between the factor attribute classification and the 
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rescaling methods of standardisation, the degree of site suitability assessments 
obtained using these methods could vary significantly. In addition to the differences 
likely to be obtained between the standardisation methods, there are also likely to be 
variations within each method of standardisation that could have a significant 
influence on the degree of site suitability measurements. Moreover, everything about 
standardisation using a classification method is arbitrary. Where the classification 
and weighting are arbitrary, the degree of suitability values obtained from such an 
analysis may not be reproducible (ie replicable) and it seems possible that there may 
be detrimental environmental impacts when the application of animal waste to 
agricultural fields are based on these values. However, there do not appear to have 
been any previous attempts to evaluate and/or compare the degree of site suitability 
measurements obtained using the various methods of standardisation. 
5.2.3.1 Discrete classification method of standardisation 
The obvious sources of variation within the discrete classification method of 
standardisation include the: 
· number of classes, 
· class size, and 
· weight distribution between classes. 
The attributes of each input factor could be classified into one, two, or many discrete 
classes of similar or significantly different class sizes (Chrisman, 1997, p93). These 
classes are conventionally weighted to a “sum of one” by making a pair-wise 
comparison within the analytic hierarchy process (eg Banai-Kashani, 1989; Siddiqui 
et al 1996). Both the classification and the weighting procedures determine the cell 
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values of the input factors. For example, the classification of factor attributes with 
one, two or three classes proportionally reduces the cell values and altering the class 
size from equal to unequal changes the distribution of the cell values between classes 
(Figure 5.1). Since the suitability determination using the WLC model is a process of 
deriving composite scores from the cell values (Chrisman, 1997, p131), any change 
in the input factor cell values could have an affect on the degree of site suitability 
measurements.  
Single class  Two classes   Three classes 
1.00 1.00 1.00 1.00  0.55 0.55 0.45 0.45  0.43 0.43 0.43 0.43 
1.00 1.00 1.00 1.00  0.55 0.55 0.45 0.45  0.33 0.33 0.33 0.33 
1.00 1.00 1.00 1.00  0.55 0.55 0.45 0.45  0.23 0.23 0.23 0.23 
Equal class size  Unequal class size  Unequal class size 
0.55 0.55 0.45 0.45  0.55 0.55 0.55 0.45  0.55 0.45 0.45 0.45 
0.55 0.55 0.45 0.45  0.55 0.55 0.55 0.45  0.55 0.45 0.45 0.45 
0.55 0.55 0.45 0.45  0.55 0.55 0.55 0.45  0.55 0.45 0.45 0.45 
 
 
Figure 5.1 Schematic representation of the effect of classification on cell values 
 
5.2.3.2 Continuous rescaling method f standardisation 
The possible variations within the rescaling method of standardisation that could 
have an effect on the degree of site suitability measurements include:  
· the method of rescaling factors with discrete (crisp) attributes, and 
· the selection f endpoints for rescaling. 
There are no clear guidelines to rescale the factors with discrete attributes (ie crisp 
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set with distinct boundary). In fuzzy set theory, a crisp set is viewed as a special case 
of a fuzzy set where the membership changes instantaneou ly (Eastman, 1997, p9-
33). Therefore, discrete locations could be classified as either 0 or 1. But this does 
not account for those in-between attributes that could possibly be ranked on the basis 
of their importance prior to rescaling. Similarly, while various membership functions 
exist (eg linear, sigmoidal, J-shaped – Eastman, 1997, p9-34) there are few 
guidelines available to assist in the selection of a particular function.  
5.2.4 Objectives 
Factor attributes are conventionally standardised using discrete class fi ation or 
continuous rescaling methods. These methods are significantly different to each other 
and each of these methods offers several different standardisation options. The 
variations between and within the factor attribute standardisation methods (or
procedures) could have a significant affect on the degree of site suitability measured. 
However, the reproducibility and comparability of the degree of site suitability 
measurement is critical for its meaningful use in site-specific animal waste 
application planning. Therefore, the objectives of this part of the study were to: 
· examine the discrete classification method of factor attribute standardisation by 
assessing the effect on the degree of site suitability of the (a) number of 
classes, (b) class sizes, and (c) weight distribution between classes, and
· measure the degree of site suitability using a continuous rescaling method and 
compare the results with those obtained using the discrete classification method 
to select an appropriate method for animal waste application planning. 
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5.3 Materials and Methods 
Seven input grids (ie land use, soils, slope, and the proximity to intensive animal 
industries, roads, streams, and towns) were selected to study the effect of the factor 
attribute standardisation method on the degree of site suitability of the agricultural 
crops land. Areas, which were unsuitable for animal waste application, were 
excluded from each input layer prior to pre-processing (refer Section 3.4). The 
remaining values for each input factor were standardised using both the classification 
and rescaling methods of standardisation (Figure 5.2). For the classification method, 
the attributes were classified in up to five classes and three different class sizes. 
Classes were weighted using two different weight derivation methods. The 
standardised factors were combined spatially using the weighted linear combination 
model (Equation 3.1) within ARC/INFO GRID. All seven input factors were treated 
equally by assigning a factor weight of one (ie wj = 1 in Equation 3.1). This step was 
necessary to isolate the effect of the standardisation method on the degree of site 
suitability measurement. 
The degree of site suitability measurement (Si in Equation 3.1) obtained from various 
weighted linear combination tests was assessed with the focus on the consistency of 
the degree of site suitability measurements rather than the absolute magnitude of the 
suitability values. The central tendency and the dispersion of the cell values for the 
entire map were evaluated to determine the overall degree of site suitability. 
Indicators of the degree of site suitability included the weighted average, coefficient 
of variation, and the range of cell values which were calculated using the procedures 
outlined in Appendix D (Table D.1). 
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Figure 5.2 The process of factor attribute standardisation using both discrete 
classification and continuous rescaling methods 
Degree of site suitability
evaluation
Weighting
methods
Factor
Attribute
Standardisation
Continuous
Rescaling
Discrete
Classification
Number  of factor
attribute classes
1 2 3 4 5
Equal 
increment
Analytic Hierarchy
Process
Equal
area
Equal
interval
Value
Judgment
Class sizes
Linear or 
non-linear
rescaling
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5.3.1 Standardisation using a classification method 
Each input factor, except land use, was classified into discrete classes of various 
numbers and sizes. Weights assigned to the classes were distributed using an equal 
increment method (Table 5.1) unless otherwise stated (eg uneven weighting tests). 
For example, using 0.05 as an arbitrarily selected equal weight increment, the 
weights for three attribute classes would be 0.383, 0.333, and 0.283 as the weights 
are assigned so that they sum up to one (ie 0.383 + 0.333 +0.283 = 1.00). This 
weighting condition was followed because the conventional Analytic Hierarchy 
Process requires the weights to sum up to one and it has been used by other 
researchers (eg Banai-Kashani, 1989; Siddiqui et al, 1996). In each case, the highest 
weight was assigned to the most desirable factor attribute class. For example, the 
factor attribute class encompassing those areas closest to the intensive animal 
industry (IAI) location, farthest from the watercourses, and with the smallest ground 
slope received the highest weight because of its high suitability for animal waste
application (Safley 1994). Single classed factors (ie land use) received a class weight 
of one for all analyses. 
5.3.1.1 Effect of factor attribute class number 
The effect of the number of factor attribute classes on the degree of site suitability 
was examined by categorising factor attributes in up to five classes of similar size 
using an equal area method of classification (Table 5.2, Figure 5.3, and Figure C.1 
and C.2 in Appendix C). An equal increment of 0.05 was arbitrarily selected to 
distribute weights evenly (ie at equal interval) between classes as the number of 
classes increased (Table 5.1). The increment of 0.005 is considered appropriate 
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because it can be applied for up to five classes and it maintains a reasonable gap 
between classes (eg Table 5.2). The WLC tests were conducted by varying the 
number of factor attribute classes in the input factors. Five tests were conducted and 
each test included factors classified into either one, two, three, four, or five classes 
each (Table 5.2). 
Table 5.1 Classification of attributes and weighting 
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1 
5 5 5 5 5 5 0.300 0.250 0.200 0.150 0.100 1.000 0.05 
1 IAI: Intensive animal industries # eg (0.325 – 0.275) = (0.275-0.225) = (0.225-0.175) = 0.05 
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Table 5.2 Factor attribute classification using equal area method 
 Class size (hectares) 
Proximity to Proximity to Class 
number 
Land use 
Town Stream 
 
Soil 
 
Slope Road IAI 
 Single class 
1 10720 17387 17832 19008 22450 23116 24783 
 Two classes 
1 10720 8695 8967 9502 11279 11559 12401 
2 - 8692 8865 9506 11171 11557 12382 
 Three classes 
1 10720 5800 5945 6389 7637 7741 8272 
2 - 5796 5947 6150 7343 7675 8254 
3 - 5791 5940 6469 7470 7700 8257 
 Four classes 
1 10720 4373 4564 4650 5613 5919 6209 
2 - 4322 4403 5331 5666 5640 6193 
3 - 4353 4431 4728 5627 5785 6187 
4 - 4339 4434 4299 5544 5772 6194 
 Five classes 
1 10720 3500 3608 3432 4568 4644 4964 
2 - 3459 3532 5331 4568 4640 4955 
3 - 3482 3579 4728 4378 4613 4958 
4 - 3475 3549 2775 4511 4596 4951 
5 - 3471 3564 2742 4425 4623 4955 
IAI: Intensive Animal Industries 
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Figure 5.3 Classification of factor attributes into different numbers of classes 
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5.3.1.2 Effect of class size 
Input factors were classified into the same number of classes of either similar or 
significantly different class sizes. Factor attributes were each classified into three 
classes using three different methods of classification (ie equal area, equal interval, 
and value judgement) that resulted in significantly different class size combinations 
(Table 5.3, Figure 5.4, and Figure C.3 and C.4 in Appendix C).  
Table 5.3  Area within each class as determined by three classification methods 
Classification method, classes, and class sizes (hectares) 
Equal Area 2 Equal Interval Value Judgement 
 
Factors 
I II III I II III I II III 
Town 5,800 5,796 5,791 13,601 3,409 377 5,936 10,053 1,398 
Stream 5,945 5,947 5,940 14,380 3,197 255 7,528 10,239 65 
Soil 6,389 6,150 6,469 12,279 4,854 1,875 3,636 12,835 2,537 
Slope 7,637 7,343 7,470 11,504 8,453 2,493 5,294 11,705 5,451 
Road 7,741 7,675 7,700 19,838 2,910 368 4,455 18,329 332 
IAI 1 8,272 8,254 8,257 18,098 5,260 1,425 2,491 18,181 4,111 
1 IAI: Intensive animal industries 2 Balanced class size 
 
The equal area method classified factor attributes by finding break points in the data 
such that the total area in each class remained approximately equal (ESRI, 1996, 
p106). The equal interval method divided attributes into equal sized sub-ranges 
(ESRI, 1996, p107). The value judgement method was based on external criteria as 
obtained from the literature. For example, fields with 6 - 10, 3 - , and 0 - 3 % slopes 
are considered as good, better, and best for waste application (NSW Ag. & Fish., 
1989) and therefore categorised as class III, II, and I, respectively.
Chapter 5 Assessing the Degree of Site Suitability 
 
90
Figure 5.4 Examples of input factors with attribute classified into class of 
different sizes 
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Separate WLC tests were conducted by inputting factors classified into three classes 
of different class sizes. An equal increment of 0.05 was arbitrarily selected to 
distribute weights evenly between classes. The same weight distribution between 
classes was maintained irrespective of the method of classification (Table 5.1). 
Descriptive statistical parameters including the coefficient of skewness were 
calculated to evaluate the effect of class size on the degree of site suitability. 
5.3.1.3 Effect of class weighting  
Weighting of classes is an inseparable part of the classification method of 
standardisation. Class weights can be derived in differentways and each method of 
derivation is likely to yield a different set of weights. The weighting of classes is 
likely to have effect on the degree of site suitability measurements, since it is the 
composite score of the cell values (ie weights) assigned to the cell location of the 
individual input factors (Chrisman, 1997, p132). Therefore, tests were conducted to 
examine the effects of weight distribution between classes on the degree of site 
suitability. Weights were derived using the equal increment (eg Tabl  5.1) and 
analytic hierarchy process (AHP) based (eg Table 4.3) methods.  
The equal-incremented weighting method was adopted to distribute weight evenly (ie 
at a constant increment) between classes (ie class 1, 2, and 3). Three sets of weights 
were derived using arbitrarily chosen increments of 0.005, 0.03, and 0.05 (Table 5.4). 
Weighted linear combination tests were conducted using equal-increm nted weights 
(Table 5.4) on the factor attribute classes classified using three different 
classification methods (Table 5.3).  
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Table 5.4 Weight distribution 1 between classes using the equal increment 
method 
Increment 0.005 0.030 0.050 
Weights 0.3383 0.3333 0.3283 0.6333 0.3333 0.0333 0.3833 0.3333 0.2833 
1 Weight distribution between classes (S = 1.0000) 
 
The conventional analytic hierarchy process (AHP) was used (WEIGHT module 
available in the IDRISI32 software, Eastman, 1999) to derive the second set of class 
weights (Table 5.5). This method ensured the consistency i  weight distribution and 
that the sum of all the weight fractions equalled to one. However, it discriminates the 
classes by not maintaining a constant weight increment between classes. Thus, the 
weight distribution between classes using the AHP method was uneven (Table 5.5). 
The effect of this uneven weight distribution between classes on the degree of 
suitability measurements was examined. Weighted linear combination tests were also 
conducted using uneven weights (Table 5.5) on the factor attribute lasses classified 
using three different classification methods (Table 5.3).  
Table 5.5 Uneven weight distribution between classes based on the AHP 
method 
Proximity to 1 Proximity to 
Classes 
Town Stream 
Soil Slope 
Road IAI 2 
I 0.0702 0.0639 0.6267 0.6608 0.5936 0.6267 
II 0.3708 0.1383 0.2797 0.2081 0.2493 0.2797 
III 0.5590 0.7978 0.0936 0.1311 0.1571 0.0936 
Sum 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
1 Suitability increasing from class I to III 2 IAI: Intensive Animal Industries 
Land use single class (weight = 1.0000)  
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5.3.1.4 Effect of adjusted class weighting 
Increasing the number of classes divided the weight unequally between the 
individual classes (eg Table 4.2 and 5.1). Logically, it follows that the smaller the 
number of classes in an input factor the higher the cell values. Hence, using input 
factors with a variable number of attribute classes may bias (sway) the degree of site 
suitability measurement towards the input factors with fewer classes. Therefore, a 
method of “weight adjustment” was devised in this study to minimise the biases due 
to the classification technique.  
The conventionally assigned class weight fractions that added up to one was adjusted 
to the “best class weight equal to one” scale. For example, the class weights of 0.625 
and 0.375 for two classes were adjusted to 1.0 and 0.6 respectively (1/0.625 ´ 0.625 
= 1.0 and 1/0.625 ´ 0.375 = 0.6).  Three sets of weights (normal weights), derived 
using equal increments of 0.050, 0.025, and 0.005, were subjected to the weight 
adjustment (Table 5.6) following the example shown at the bottom of the table. The 
WLC tests were conducted to evaluate the effect of normal and adjusted weighting 
on the degree of suitability. A test conducted with single clas ed input factors (all 
input factors with one class each) was used as a reference. 
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Table 5.6 Normal and adjusted weighting of factor attribute classes 
Weight increment = 0.050 Weight increment = 0.025 Weight increment = 0.005 Number of 
classes Normal Adjusted Normal Adjusted Normal Adjusted 
1 I 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
I 0.5250 1.0000 0.5125 1.0000 0.5025 1.0000 
2 
II 0.4750 0.9048 0.4875 0.9512 0.4975 0.9900 
I 0.3833 1.0000 0.3583 1.0000 0.3383 1.0000 
II 0.3333 0.8696 0.3333 0.9302 0.3333 0.9852 3 
III 0.2833 0.7391 0.3083 0.8605 0.3283 0.9704 
I 0.3250 1.0000 0.2875 1.0000 0.2575 1.0000 
II 0.2750 0.8462 0.2625 0.9130 0.2525 0.9806 
III 0.2250 0.6923 0.2375 0.8261 0.2475 0.9612 
4 
IV 0.1750 0.5385 0.2125 0.7391 0.2425 0.9417 
I 0.3000 1.0000 0.2500 # 1.0000 # 0.2100 1.0000 
II 0.2500 0.8333 0.2250 # 0.9000 # 0.2050 0.9762 
III 0.2000 0.6667 0.2000 # 0.8000 # 0.2000 0.9524 
IV 0.1500 0.5000 0.1750 # 0.7000 # 0.1950 0.9286 
5 
V 0.1000 0.3333 0.1500 # 0.6000 # 0.1900 0.9048 
# Example: multiplier used to adjust maximum weight equal to one = 1.0000 / 0.2500 = 4.  
Hence, 0.2250 × 4 = 0.9000; 0.2000 × 4 = 0.8000; 0.1750 × 4 = 0.7000; and 0.1500 × 4 = 0.6000) 
Normal weighting: sum of class weight fractions = 1 
Adjusted weighting: the maximum possible class weight = 1 
Note: Weights were adjusted on all input factors with multiple classes. 
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5.3.2 Standardisation using continuous rescaling 
The attributes of all seven input factors (see Section 5.3) were standardised in a 
continuous numeric scale between zero and one using the endpoints of the datasets as 
the minimum and maximum values. The land use input factor contained the 
suitability values of only zero and one. However, the suitability values ranged from 
zero to one for all other input factors. The following linear rescaling equations were 
used to rescale the factor attributes. When the largest value is best suited (eg 
proximity to streams and towns):  
When the smallest value is b st suited (eg slope and proximity to roads):
where, 
Xi = scale to be assigned to ith cell,  
Ri = value of ith cell, 
Rmax = maximum cell value,  
Rmin = minimum cell value 
For the factors with categorised data (eg soil types), the attributes were ranked in 
order of least to most suitable (ie 1, 2, 3, … n) before rescaling them using Equation 
5.1(a). Ranking in the order of merit was considered acceptable because attributes of 
other continuous variables (eg slope, distance, or depth) are also arranged in this way 
by nature. The continuously rescaled factors were combined linearly using Equation 
3.1 for suitability and degree of site suitability determination.  
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5.3.3 Comparing the classification and rescaling methods of standardisation 
Five input factors (ie proximities to intensive animal industries and roads, slopes, and 
distances to streams and towns) were selected for comparing the classification and 
rescaling methods of standardisation. These factors were grouped into two sets 
intended for two different processing schemes. The attributes of the five factors in 
the first set were classified in up to ten classes each using the equal area method of 
classification (Table 5.7).  
Table 5.7 Details of the factor attribute classification of selected input factors 
Factors employed Potentially avail-
able area (ha) 
Classified 
into 
Classification 
method 
Most desirable class 
Proximity to IAI 1 24783 10 classes Equal area Closest proximity from IAI  
Proximity to road 23116 10 classes Equal area Closest distance to roads 
Slope 22451 10 classes Equal area Smallest slope  
Proximity to stream 17833 10 classes Equal area Far away from streams 
Proximity to town 17387 10 classes Equal area Far away from town areas 
1 IAI: Intensive Animal Industries 
 
The weights between factor attribute classes were distributed normally to a sum of 
one by maintaining a fixed increment of 0.02 (Table 5.8). These normally distributed 
weights were also adjusted using the procedure described in Section 5.3.1.4. The 
multipliers for the weight adjustment were calculated using the example shown at the 
bottom of Table 5.6. The factor attributes in the second set were rescaled linearly 
between zero and one using Equation 5.1. Three separate series of WLC t sts (two 
using normal and adjusted weighting within classification method and one using the 
rescaling method) were conducted to compare the effect of the factor attribute 
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standardisation methods on the degree of site suitability measurements. The degree 
of site suitability measurements obtained from normal weighting and adjusted 
weighting were compared against that obtained using the rescaling method of 
standardisation. 
Table 5.8 Normal weighting of factor attribute classes 
Number of factor attribute classes  
 1 2 3 4# 5 6 7 8 9 10 
1.000 0.510 0.353 0.280 0.240 0.217 0.203 0.195 0.191 0.190 
 0.490 0.333 0.260 0.220 0.197 0.183 0.175 0.171 0.170 
  0.313 0.240 0.200 0.177 0.163 0.155 0.151 0.150 
   0.220 0.180 0.157 0.143 0.135 0.131 0.130 
    0.160 0.137 0.123 0.115 0.111 0.110 
     0.117 0.102 0.095 0.091 0.090 
      0.083 0.075 0.071 0.070 
       0.055 0.051 0.050 
        0.031 0.030 
W
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         0.010 
 Sum of class weights = 1.000 
Weight increment = 0.02 (# example: 0.28 – 0.26 = 0.26 – 0.24 = 0.24 – 0.22 = 0.02) 
 
Additional analyses were also conducted to study the combined effect of the number 
of input factors and the method of factor attribute standardisation. The WLC tests 
were conducted using between two and five classified, classified and weight 
adjusted, and rescaled factors. Thus, there were (a) forty WLC tests (with 2, 3, 4, and 
5 factors using up to 10 classes each) for the classified and normally weighted input 
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factors, (b) forty tests for the classified and weight-a justed factors, and (c) four 
WLC tests (with 2, 3, 4, and 5 factors) for the rescaled input factors. Due to 
variations in the potentially available area for each input factor, the WLC tests w re 
conducted by combining the factors with the most potentially suitable areas (eg 
proximity to IAI and road in Table 5.7) first. The degree of site suitability 
measurements (ie weighted average, coefficient of variation, and value range) 
obtained from these tests was compared against each other.
5.4 Results 
5.4.1 Effect of factor attribute classification 
Increasing the number of attribute classes in the input factors caused a significant 
reduction and greater dispersion of the suitability values (Table 5.9). For instance, 
increasing the number of classes from one to five for each of the input factors 
resulted in a 68 % reduction in the weighted average, an increase in the coefficient of 
variation to 6.3 %, and a widening of the cell value range from 0 to 100 (Table 5.9).  
Table 5.9 Effect of the number of factor attribute classes on the degree of site 
suitability measurements. 
Site suitability rating results Number of factor 
attribute classes Weighted average Coeff. of variation (%) Range of cell values 
1 700.0 0.00 0 
2 399.5 1.33 30 
3 298.8 2.78 60 
4 250.3 4.55 80 
5 221.9 6.31 100 
Note: land use was used as a single class factor throughout the above tests 
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The balanced class sizes produced by the equal area method of factor attributes 
classification resulted in a medium weighted average with a slightly higher 
dispersion of suitability values compared to the unbalanced class sizes produced by 
the equal interval and the value judgement methods (Table 5.10). The unbalanced 
class sizes resulted in clustering (ie lower coefficient of variation) and shifting (ie 
negative coefficient of skewness) of the suitability values. Irrespective of the method 
of classification, the dispersion of the suitability values (ie coefficient of variation, 
and value range) was found to be dependent on the weight distribution between the 
classes. The dispersion was exaggerated proportionally as the class weights separated 
(ie spaced out) from each other. For example, a six times increase in weight 
increment (ie from 0.05 to 0.30) raised the coefficient of variation and value range by 
more than six times in all three methods of classification (Table 5.10). 
Table 5.10  Effect of class size and weights on the degree of site suitability 
Classification 
method 
Incre-
ment 
Class 
weights 
Wtd. 
average 
Coeff. of 
variation 
Range of 
values 
Coeff. of 
skewness 
Equal area 299.9 0.28 6.0 0.15 
Equal interval 300.7 0.16 3.5 -0.31 
Value judgement 
 
0.005 
0.3383 
0.3333 
0.3283 299.8 0.19 4.5 -0.04 
Equal area 298.8 2.79 60 0.15 
Equal interval 306.9 1.59 35 -0.31 
Value judgement 
 
0.050 
0.3833 
0.3333 
0.2833  298.2 1.91 45 -0.04 
Equal area 292.7 17.09 360 0.15 
Equal interval 341.1 8.61 210 -0.31 
Value judgement 
 
0.300 
0.6333 
0.3333 
0.0333  289.4 11.82 270 -0.04 
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Unevenly distributed weighting of classes (Table 5.5) resulted in a greater fluctuation 
between suitability values (compare Table 5.10 and 5.11). The weighted average 
ranged between 253and 344 for various methods of classification. The dispersion of 
the suitability values, as indicated by the coefficient of variation and the range of the 
values, was greater in the equal area method of classification (Table 5.11) and the 
suitability values were skewed to both left and right. Compared to the evenly 
incremented weighting of classes (Table 5.4), the uneven weight distribution (Table 
5.5) generally resulted in a greater skewing of the suitability values (ie compare the 
coefficient of skewness measurements in Table 5.10 and Table 5.11). 
Table 5.11 Effect of uneven weight distribution1 on the degree of site suitability 
Classification method 
Weighted 
average 
Coefficient of 
variation 
Range of 
values 
Coefficient of 
skewness 
Equal area 292.1 18.73 337 + 0.27 
Equal interval 344.0 10.50 254 - 0.41 
Value judgement 253.5 13.99 243 + 0.37 
1 Weighting of classes as shown in Table 5.3 
 
Adjusting the weights to increase the maximum possible class weight to one (as 
opposed to the sum of all the class weight fraction equal to one) increased the value 
of the suitability indicators. Normal (ie unadjusted) weighting produced a 
significantly lower weighted average (ie about 60 % as compared to the reference 
value of 700), coefficient of variation and the value range (Table 5.12). However, 
these degrees of site suitability values increased substantially due to the weight 
adjustment (refer to normal versus adjusted in Table 5.12). The weighted average 
values, which hardly responded to weight increment at normal weighting, showed 
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distinct differences between tests when the weights were adjusted to a maximum of 
one. The weighted average values (ie 580, 631, and 684) obtained from the adjusted 
weighting tests responded to the weight increment (ie 0.050, 0.025, and 0.005) and 
were comparable to the reference value (ie 700) obtained from single classed factors 
(Table 5.12). Normal weighting resulted in the weighted average values that did not 
respond to the weight increment. There has been substantial increase in the 
coefficient of variation and range of values due to weight adjustment (Table 5.12).  
Table 5.12 Effects of weight adjustment on the degree of site suitability 
Factors with multiple attribute classes 1 
Weight increment = 
0.050 
Weight increment = 
0.025 
Weight increment = 
0.005 
Degree of site 
suitability 
parameters 
(indicators) 
Single 
classed 
factors 
Normal Adjusted Normal Adjusted Normal Adjusted 
Weighted average 700 281.7 579.6 281.6 630.8 281.7 684.2 
Coeff. of variation 0.00 3.99 6.13 2.00 3.30 0.41 0.71 
Range of values 0 75 226 37 130 7 30 
1 Number of factor attribute classes: land use (1), proximity to town (4), proximity to stream (5), soil 
(3), slope (5), distance to roads (2), and distance to intensive animal industries (3). 
Refer Table 5.6 for adjusted weighting 
 
5.4.2 Effect of factor attribute rescaling 
The degree of site suitability measurements (ie weighted average, coefficient of 
variation, and value range) obtained from the weighted linear combination of seven 
rescaled input factors is shown in Table 5.13. The attributes were rescaled using the 
endpoints of the datasets as maximum and minimum values resulting in a single set 
of measurements. In this case, the weighted average obtained by rescaling is about 60 
% of the maximum possible degree of site suitability measurement of 700 (refer to 
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row 1 in Table 5.9) and the coefficient of variation is more than eight percent (Table 
5.13). 
Table 5.13 Degree of site suitability measurement obtained using rescaling 
method of standardisation 
Number of factors included 1 Weighted average 
Coefficient of 
variation 
Value range 
Seven 419.05 8.04 332 
1 Land use, soils, slope, and proximities to intensive animal industries, roads, streams, and towns 
 
5.4.3 Comparison between the methods of standardisation  
The degree of site suitability measurements obtained from the linear combination of 
five selected input factors (refer to Secti n 5.3.3) standardised using discrete 
classification and continuous rescaling methods were substantially different. With 
the normally weighted classification method, the weighted average decreased 
proportionally as the number of factor attribute classes increased (Figure 5.5) 
whereas the coefficient of variation and value range increased substantially with the 
increase in the class number. There was a 90 % decrease in the weighted average due 
to increase in the class number from one to ten (Table 5.14). The adjustment 
weighting of classes has resulted in a gradual decrease in the weighted average as the 
class number increased (Figure 5.5). The weighted average was decreased by 47 % 
when the class number increased from one to ten. The coefficient of variation 
measurements between the two classification methods (ie normal and adjusted) was 
unchanged (Table 5.14) however, the value range varied substantially due to the 
absolute nature of this data dispersion indicator. The weighted average obtained 
using the attribute rescaling method (right-most hree columns in Table 5.14) 
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decreased by 47 % when compared to the maximum possible value of 500 for five 
single-classed factors. The coefficient of variation and value range were 12 % and 
259 respectively (Table 5.14). 
The degree of site suitability measurements obtained from the normally weighted 
classification and continuous rescaling methods were not readily comparable to each 
other due to the rapid changes in these parameters with the increase in the class 
number (Table 5.14). However, the weighted average value obtained from the 
rescaling method, which is about 53 % of the maximum possible value, appears to 
match with the result obtained using adjusted weighting for ten classes in the 
classification method (see columns 5, 10 classes in Table 5.14). The coefficient of 
variation for the classification methods of standardisation ranged between 0 and 22 
% depending on the number of classes. A coefficient of variation of 12 %, measured 
using continuous rescaling method, appears to be moderate when compared to the 0 
to 22 % range in the normal and adjusted classification methods. 
Figure 5.5 Weighted average as a function of the method of standardisation 
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Table 5.14 Effect of factor attribute classification (weighting and number of 
classes) and rescaling on the degree of suitability 
 
Classification (normal 
weighting) 
Classification (adjusted 
weighting) 
Attribute rescaling 1 
Number of 
factor attribute 
classes W
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e 
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1 500 0.00 0 500 0.00 0 
2 250 0.82 10 490 0.84 20 
3 166 1.94 20 472 1.96 57 
4 125 3.53 28 447 3.51 100 
5 100 5.56 36 417 5.56 150 
6 83 7.95 46 385 7.99 212 
7 72 10.8 54 353 10.9 266 
8 63 14.0 62 321 14.3 317 
9 55 18.2 70 291 18.1 366 
10 50 22.3 78 264 22.3 410 
266 12.3 259 
1 Number of factor attribute classes did not apply to this column 
 
For the normal weighting classification method of standardisation, the increase in the 
number of input factors from two to five showed little or no effect on the weighted 
average which remained around 100 for five classes and 50 for ten classes (see row 
1, Table 5.15). The weight adjustment within classification method produced a 
higher weighted average (eg 418 for five classes and 266 for 10 classes) but was 
unaffected by the number of input actors (refer row 2 in table 5.15). The effect of 
the number of input factors on the weighted average was, however, substantial (eg 
decreased from 395 for two to 266 for five factors) in the case of the rescaling 
Chapter 5 Assessing the Degree of Site Suitability 
 
105
method (refer row 3 in Table 5.15). The coefficient of variation decreased gradually 
(eg 35.7 to 22.4 for ten classes) as the number of input factors in the classification 
method increased from two to five; however, it remained fairly unchanged in the 
rescaling method (refer to figures within brackets in row 1 and 3, Table 5.15).  
Table 5.15 Effect of the number of input factors on the degree of site suitability 1 
 Weighted average (coefficient of variation) measurements 
Number of input factors Two factors Three factors Four factors Five factors 
Number of classes 5 10 5 10 5 10 5 10 
Classification: normal 
weighting  (Row 1) 
100 
(8.9) 
51 
(35.7) 
100 
(7.8) 
51 
(31.2) 
101 
(7.1) 
51 
(28.4) 
100 
(5.6) 
50 
(22.4) 
Classification: adjusted 
weighting  (Row 2) 
418 
(8.9) 
266 
(35.7) 
419 
(7.8) 
269 
(31.2) 
419 
(7.1) 
268 
(28.4) 
417 
(5.6) 
264 
(22.4) 
Rescaling  (Row 3) 395 (14.2) 370 (14.8) 304 (15.2) 266 (12.3) 
Coefficient of variation within brackets  
1 Factors were combined in the following sequence: proximity to intensive animal industries, 
proximity to roads, slopes, proximity to streams, and proximity to towns. 
 
The number of factor attribute classes (5 or 10) showed a sizeable effect on the 
weighted average and the coefficient of variation measurements in the classification 
method of standardisation. The weighted average was halved (eg from 100 to 50) and 
the coefficient of variation was increased by four times (eg from 8.9 % to 35.7) due 
to doubling the number classes from five to ten (refer row 1, column 1 and 2 in Table 
5.15). The weighted averages were raised by four to five times due to weight 
adjustment (compare row 1 and 2 in Table 5.15). The increase in the number of 
classes to 10 and the adjusted weighting of the classes yielded in a weighted average 
value similar to that of the rescaling method (refer 264 and 266 in row 2 and 3, Table 
5.15).  
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5.5 Discussion 
5.5.1 Standardisation of factors using the classification method 
The classification variables (ie number of classes and class sizes), inherent in the 
classification method of standardisation, together with the method of weighting the 
classes, affected the values calculated for site suitability measurements substantially 
and made the repeatability of the measurements difficult. New methods have been 
devised and tes ed in this study to improve upon the classification method of 
standardisation for degree of site suitability determination. 
5.5.1.1 The effect of the number of classes on degree of site suitability  
The increase in the number of classes reduced the weighted average from 700 to 222, 
increased the coefficient of variation from 0 to 6 % and increased the range of 
suitability values from 0 to 100 (Table 5.9). These are expected outcomes that could 
be explained using the hypothetical example presented in Figure 5.6. I this case 
(Figure 5.6), the increase in the number of classes within a factor causes the average 
cell value to decrease from 1.00 for a single class to 0.5 for two classes and 0.33 for 
three classes, whereas the coefficient of variation increases from 0 to 10.4 % and 
25.8 %, respectively. Thus, the classification of an input factor into multiple classes 
results in both the reduction and the dispersion of the cell values. The linear 
combination of such input factors (ie factor with multiple classes) would logically 
result in a map with reduced and dispersed composite scores. For example, the input 
factors 3 and 4 (Figure 5.7) produce a composite map (output 2) with a reduced 
weighted average and higher coefficient of variation when compared to output 1 
derived from single classed input factors 1 and 2. Thus, the number of factor attribute 
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classes in the input factors has an affect on the degree of site suitability measurement 
(Table 5.9). 
Single class (weight 
undivided) å = 1.00 
 2 classes (weight divided) 
å = 0.55 + 0.45 = 1.0 
 3 classes (weight divided) 
 å = 0.43+0.33+0.23 =1.0 
1.00 1.00 1.00 1.00  0.55 0.55 0.45 0.45  0.43 0.43 0.43 0.43 
1.00 1.00 1.00 1.00  0.55 0.55 0.45 0.45  0.33 0.33 0.33 0.33 
1.00 1.00 1.00 1.00  0.55 0.55 0.45 0.45  0.23 0.23 0.23 0.23 
Maximum value = 1.0 
Average weight = 1.00 
CV (%) = 0.00 
 Maximum value = 0.55 
Average weight = 0.50 
CV (%) = 10.44 
 Maximum value = 0.43 
Average weight = 0.33 
CV (%) = 25.84 
 
Figure 5.6 Effect of the number of classes on the degree of site suitability 
 
Input factor 1  Input factor 2  Output 1 
1.00 1.00 1.00 1.00  1.00 1.00 1.00 1.00  2.00 2.00 2.00 2.00 
1.00 1.00 1.00 1.00 + 1.00 1.00 1.00 1.00 = 2.00 2.00 2.00 2.00 
1.00 1.00 1.00 1.00  1.00 1.00 1.00 1.00  2.00 2.00 2.00 2.00 
Average weight = 1.00 
CV (%) = 0.0 
 
Average weight = 1.00 
CV (%) = 0.0 
 
Average weight = 2.00 
CV (%) = 0.0 
 
Input factor 3  Input factor 4  Output 2 
0.55 0.55 0.45 0.45  0.43 0.43 0.43 0.43  0.98 0.98 0.88 0.88 
0.55 0.55 0.45 0.45 + 0.33 0.33 0.33 0.33 = 0.88 0.88 0.78 0.78 
0.55 0.55 0.45 0.45  0.23 0.23 0.23 0.23  0.78 0.78 0.68 0.68 
Average weight = 0.50 
CV (%) = 10.44 
 
Average weight = 0.33 
CV (%) = 25.84  
 
Average weight = 0.83 
CV (%) = 12.05 
 
 
Figure 5.7 Linear combination of input factors with varying class weights 
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Increasing the number of classes within a factor causes the resultant cell values (ie 
weights) to split (Figure 5.6; Table 5.1).  For example, a cell value of 1.0 may be 
split into 0.43, 0.33, and 0.23 when classified into three classes (Figure 5.6). 
However, it should be noted that the nature of the cell value split is not solely 
dependent on the number of classes, as the method of class weighting also influences 
the result. For example, if the weighting of classes using a “sum of one” process was 
not adopted, the class weights for the three classes in Figure 5.6 could be say 1.0, 
0.77, and 0.53 (average 0.76) instead of the 0.43, 0.33, and 0.23 (average 0.33)
presented. Clearly the weighting method is responsible for the large reduction of the 
average cell value (eg from 1.0 for the single class to 0.33 for the three classes) in 
Figure 5.6. 
The linear combination of input factors with lower average cell alues resulted in a 
composite map with a reduced average weight (eg output 2 in Figure 5.7). Similarly, 
increasing the number of classes (Table 5.2) affected the degree of site suitability 
measurements in Table 5.9. For example, increasing the number of classes from 1 to 
5 reduced the weighted average by 68 % (Table 5.9). However, the reduction in 
suitability values may not have been this large (ref Table 5.12) if an alternative 
method of weighting was adopted.  
The increase in the number of classes was also found to create factor 
incomparability. For example, the increase in the number of classes created a 
situation which reduced the value of the most desirable cell from 1.0 in a single 
classed-factor to either 0.55 or 0.43, in two and three-classed factors (Figure 5.6). 
Thus, the cell values for a factor classified into two classes is not directly comparable 
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to cells for factor with more than two classes because they do not use the same 
weighting scheme.  
Furthermore, using the input factors with different numb rs of classes may bias the 
results towards the input factors with fewer classes due to the higher cell values 
(weights) associated with these input factors. For example, the input factor 3 which 
has two classes (Figure 5.7), contributes 1.5 times more when c mpared to the input 
factor 4 (with three classes) in the map output 2 due to higher cell values (compare 
the average weights of inputs and output in Figure 5.7). Hence, the classification 
method of standardisation may defeat the purpose of making the input factors 
commensurate if the input factors are not classified into the same number of classes. 
This raises a serious concern because it may not always be appropriate to classify 
input factors into the same number of classes due to limitations in the data type and 
availability. 
The adjustment of weight to a numeric range between 0 and 1 in each input factor 
was found to make a substantial change in the degree of site suitability measurements 
(Table 5.12). The use of weight-adjusted factors in the WLC model produced a 
suitability map with considerably higher values for the degree of site suitability 
measurements (Table 5.12). The degree of site suitability measurements obtained 
using the weight-adjusted input factors are considered less affected by class number 
than the conventional weighting method. This can be explained (Figure 5.8) by the 
adjustment of weight on three conventionally classified and weighted factors A, B, 
and C which produce the weight-adjusted factors Aa, Ba, and Ca, respectively. 
Weight adjustment is not required for the single classed factor A, while the 
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appropriate multiplier (refer Figure 5.8 and Table 5.6 for details) convert the cell 
values of factors B and C to a numeric scale that ranges up to one. The end result is 
that the factors, weighted differently prior to weight adjustment, have been converted 
to the same common numeric range (compare factors A, B, C against Aa, Ba, Ca, 
respectively in Figure 5.8).  
Conventional weighting (fractioned: sum of weight fractions = 1) 
Factor A (single class)  
å = 1.00 
 Factor B (two classes) 
 å = 0.55 + 0.45 = 1.0 
 Factor C (three classes) 
 å = 0.43+0.33+0.23 = 1.0 
1.00 1.00 1.00 1.00  0.55 0.55 0.45 0.45  0.43 0.43 0.43 0.43 
1.00 1.00 1.00 1.00  0.55 0.55 0.45 0.45  0.33 0.33 0.33 0.33 
1.00 1.00 1.00 1.00  0.55 0.55 0.45 0.45  0.23 0.23 0.23 0.23 
Maximum value = 1.00 
Average weight = 1.00 
CV (%) = 0.00 
 Maximum value = 0.55 
Average weight = 0.50 
CV (%) = 10.44 
 Maximum value = 0.43 
Average weight = 0.33 
CV (%) = 25.84 
Adjusted weighting (ranked: maximum class weight = 1) 
Factor Aa (single class) 
No multiplier 
 
Factor Ba (two classes) 
Multiplier=1/0.55= 1.82 
 
Factor Ca (three classes) 
Multiplier =1/0.43 = 2.32 
1.00 1.00 1.00 1.00  1.00 1.00 0.82 0.82  1.00 1.00 1.00 1.00 
1.00 1.00 1.00 1.00  1.00 1.00 0.82 0.82  0.77 0.77 0.77 0.77 
1.00 1.00 1.00 1.00  1.00 1.00 0.82 0.82  0.53 0.53 0.53 0.53 
Maximum value = 1.00 
Weighted average = 1.00 
CV (%) = 0.00 
 
Maximum value = 1.00 
Weighted average = 0.91 
CV (%) = 10.33 
 
Maximum value = 1.00 
Weighted average = 0.77 
CV (%) = 26.14 
 
Figure 5.8 Adjustment of weight to compensate the division of weight due to 
factor attribute classification (modification of Figure 5.6) 
This results in three changes, which may be considered as improvement over the 
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traditional method of classification and weighting: 
· the decrease in cell values due to classification and weighting is reduced; 
· the input factors are directly comparable as weighting achieves the same 
numeric range (ie maximum cell value = 1); and  
· the ability to use input factors with different numbers of classes in the WLC 
model without concerns about any bias towards factors with fewer classes. 
5.5.1.2 Effect of class size on degree of site suitability 
The three classification methods (ie equal area, equal interval, and value judgement) 
used in this study produced considerably different class sizes (Table 5.3). Both the 
distribution weights between the classes (Table 5.4. and 5.5) and the degree of site 
suitability measurement (Table 5.10 and Table 5.11) were affected by class sizes. 
Conventionally, weights are derived using the AHP-based pair-wise comparison 
method, which frequently results in an uneven distribution of weights between 
classes (eg Table 5.5). The uneven weighting of classes (Table 5.5) together with the 
variations in class size (Table 5.3) resulted in a substantially different weighted 
average, coefficient of variation, and coefficient of skewness measurements between 
classification methods (Table 5.11). This was due to the effect of the large range in 
class weights associated with the classes of various sizes. The variation in the degree 
of site suitability measurements due to class size and class weights may seriously 
undermine the ability of the classification method of standardisation to produce 
comparative measures between operators and regions. 
The use of evenly distributed weights (Table 5.4) produced a smaller range of site 
suitability values (Table 5.10) when compared to the results obtained using the 
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uneven weight distribution method (Table 5.11). This is due to class size and class 
weight interaction and may be explained using a simple example (Figure 5.9). In this 
example, the balanced class size with an even distribution of weight (eg case A) has
a moderate weighted average and coefficient of variation and is less skewed than the 
unbalanced class size (B) and uneven weighting (C) cases. The use of equal class 
size and even weighting of classes results in a coefficient of skewness of zero (eg 
case A in Figure 5.9). However, the non-z ro (ie 0.15) skewness measured in the 
case of equal area classification (Table 5.10) was due to the method of classification, 
as it does not produce exactly equal class sizes (ESRI, 1996, p106).  
Three classes (Factor A) 
Balanced class size 
 
Three classes (Factor B) 
Unbalanced class size 
 
Three classes (Factor C) 
Uneven weighting 
0.43 0.43 0.43 0.43  0.43 0.43 0.43 0.43  0.63 0.63 0.63 0.63 
0.33 0.33 0.33 0.33  0.43 0.43 0.33 0.33  0.23 0.23 0.23 0.23 
0.23 0.23 0.23 0.23  0.43 0.43 0.23 0.23  0.13 0.13 0.13 0.13 
Average weight = 0.33 
CV (%) = 25.84 
Skewness = 0.0 
 
Weighted average = 0.38 
CV (%) = 20.99 
Skewness = - 0.98 (left) 
 
Weighted average = 0.33 
CV (%) = 68.37 
Skewness = + 0.52 (right) 
 
Figure 5.9 Effect of class sizes on the dispersion and skewing of the cell values 
 
5.5.2 Standardisation of factors using rescaling method 
The rescaling method of factor attribute standardisation is simpler than the 
classification method and has fewer permutations. Its simplicity is mainly due to the 
one-step process that rescales each factor attribute in a range between 0 and 1. The 
degree of site suitability obtained using seven rescaled input factors resulted in a 
weighted average of 419 with the coefficient of variation of 8 % and a value range of 
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332 (Table 5.13). There is no other set of similarly derived measurement to directly 
compare with this result since the rescaling method (ie membership function) used in 
this study did not provide alternate rescaling options.  
A modified form of membership function was used in this study as unsuitable 
attributes were removed from each dataset (Section 3.4) prior to rescaling them 
linearly between 0 and 1 (Section 5.3.2). The use of other membership functions was 
not considered due to the difficulties in identifying any non-linearity in the data sets. 
This issue is discussed in the literature in relation to the application of fuzzy set 
theory when defining classes that do not have sharply defined boundaries (eg 
Burrough, 1996, p3; Eastman, 1997, p9-33). However, the argument presented by 
Eastman (1997, p9-11) in relation to the blind use of linear rescaling is that the factor 
attributes may not always have a gradual effect throughout its range. For example, 
the odour pollution due to animal waste application may have no consequences 
beyond 2500 m from the nearest townships. In this case, there is no need to rescale 
the attributes beyond 2500 m differently. Non-linear membership functions are 
available to rescale factors if critical factor values (ie 2500 m cut off) have been 
identified. While this information is difficult to obtain, there is a need to further 
examine the effect of various membership functions on the degree of site suitability
measurements. 
Another issue involved with the rescaling method of standardisation, which could 
have an affect on the degree of site suitability measurements, is the rescaling of 
discrete attributes (eg land uses and soil types) in which attributes change 
instantaneously from one type to another. In this study, the discrete attributes were 
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ranked and rescaled because the discrete (crisp sets) data were considered a special 
case of continuous (ie fuzzy) data sets (Eastman, 1997, p9-33). However, there could 
be other approaches of rescaling discrete data and more work is required in this area.  
5.5.3 Factor attribute classification versus rescaling 
The degree of site suitability measurements obtained using the discrete classification 
(normal weighting) and continuous rescaling methods are not directly comparable 
(Table 5.14). This is due to the effects of the classification variables on the degree of 
site suitability measurements (eg Tables 5.9, 5.10, 5.11, and 5.14). However, 
applying weight adjustment within the classification method enabled the degree of 
site suitability measurements to be compared with the rescaling method. This is 
because the adjustment of weight counters the biasing effects of the classification 
process. The weight adjustment effectively ranks the cell values between 0 and 1, 
which is similar to the rescaling of attributes in the rescaling method. Thus, in 
principle, the main difference between the classification and rescaling methods is the 
number of classes as the rescaling method of standardisation is also a form of 
classification in which each attribute is a class. This is precisely the reason for the 
smaller differences in the degree of site suitability measurements obtained from the 
rescaling and the weight adjusted classification method where a larger number of 
factor attribute classes were used (Table 5.14). 
Logically, increasing the number of input factors results in an overall decrease of 
suitable area because additional input factors impose additional constraints in the site 
suitability analysis (refer to Section 4.5.2.1). However, the effect of the number of 
input factors on the degree of site suitability measurement was not obvious. The 
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number of classes within the input factors influenced the degree of site suitability 
measurements in the classification method. However, in the rescaling method, it was 
the number of input factors that affected the degree of site suitability measurement 
(compare number the effects of input factors in Table 5.15). This was because the 
classes in the classification method act as individual cells. Hence, increasing the 
number of classes, but not the number of input factors, influences the composite 
score and the degree of site suitability measurements (Table 5.15). However, in the 
rescaling method, each input factor has cells with a series of different cell values. 
Therefore, an additional input factor exerts an additional influence in the composite 
score and the degree of site suitability measurements (Table 5.15). 
5.6 Conclusion 
The reliability and reproducibility of the degree of site suitability measurement is of 
interest for the site- p cific application of animal waste as fertiliser to agricultural 
fields. The effect of discrete classification and continuous rescaling methods of 
factor attribute standardisation on the degree of site suitability measurements were 
investigated. The classification variables (ie number of classes and class size) 
required by the classification process, together with the weight distribution between 
classes, were found to affect the degree of site suitability measurements. However, 
new “weight adjustment” method introduced in this study reduced the 
inconsistencies caused by varying the number of classes. An equal-incremented 
weighting method used to weight factor attribute classes also reduced the effect of 
unbalanced class sizes on the degree of site suitability measurements.  
The degree of site suitability measurements obtained from the classification and 
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rescaling methods were not comparable prior to weight adjustment. However, the 
measurements obtained using both large numbers of classes and weight adjustment 
were similar to those obtained using continuous rescaling method. The continuous 
rescaling method of factor attribute standardisation is simple with limited operator 
options. This is obviously an advantage in obtaining repeatable site suitability 
measurements. However, it should be noted that the rescaling was carried out using a 
modified membership function (ie linearly rescaled after removing unsuitable 
attributes) at this insta ce.  
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CHAPTER 6 
6 DEVELOPING A MANURE APPLICATION PLAN  
6.1 Introduction 
Site suitability analysis (Chapter 4) identified suitable agricultural fields for animal 
waste application and degree of site suitably assessment (Chapter 5) evaluated 
various degrees of site suitability determination techniques. This chapter aims to 
develop a catchment-wide manure application plan for the site-sp cific application of 
animal waste as fertiliser to suitable agricultural fields. The development of a site-
specific manure application plan involves the integration of many spatial (eg areal 
extent and degree of site suitability, crop distribution, manure allocation) and non-
spatial (eg crop nutrient requirement, target yield, critical nutrient, manure nutrient 
content) parameters. The cartographic modelling technique is used within a cell-
based GIS environment to integrate these spatial and non-spatial parameters for the 
development of a comprehensive manure application plan.  
6.2 Site-specific application of animal waste as fertiliser 
Application of animal waste to agricultural fields not only supplies nutrients to the 
plants and conditions the soils but is also a convenient and cheap disposal method. 
However, the use of animal waste without due consideration of environmental, 
agricultural, social, and economical factors can lead to numerous other problems. For 
example, the excessive application of animal waste to agricultural fields may 
contribute to environmental problems including nitrification of ground water systems 
Chapter 6 Developing a Manure Application Plan 
 
118
(Eghball and Power, 1994), and/or eutrophication of surface water systems (Daniel et 
al, 1994) causing toxic algal growth (Couillard and Li, 1993). Similarly, inadequate 
or excessive application of manure may lead to crop yield reductions due to plant 
nutrient deficiencies or imbalances (Sutton, 1994). Likewise the use of animal waste 
near residential areas may not be socially desirable due to odours (air pollution) 
while relocating animal waste to distant locations (fields) may not be economically 
viable. The use of animal wasteas fertiliser to agricultural fields could do more harm 
than good if these limitations are not taken into consideration. Thus, there is a need 
for precisely controlled manure application systems to ensure the sound use of 
manure (Sutton, 1994).  
6.2.1 Input variables 
The application of animal waste to the appropriate locations (ie fields) and in 
appropriate quantities is not possible without understanding and consideration of the 
influential variables. For example, the overall suitability of fields for animal waste 
application may vary widely depending on site-specific factors including the soil 
properties, inherent soil fertility, slope, land use/cover, distances to streams and 
residential areas, road distances, and proximity to intensive animal industries (Safley, 
1994). Similarly, the nutrient requirements of the crop may vary from crop to crop, 
the manure nutrient content may fluctuate between manure types, and the availability 
of nutrients from the applied animal waste may differ from field to field.  
6.2.2 Critical plant nutrient 
The rate of animal waste application to agricultural fields is generally based solely on 
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the soil and crop requirement for nitrogen or phosphorus. Application rates based on 
nitrogen without due consideration of the level of phosphorus in the manure, may 
supply excess P to the soil (Sutton, 1994) due to the differences in N:P ratios that 
exist in the manure (~ 3:1) and that are required (~ 8:1) by the crop (Daniel et al, 
1994). Despite the repeated warnings of the danger of excessive P application in the 
literature (eg Daniel et al, 1994; Eghball and Power, 1994; Sutton, 1994; Moore et al, 
1995), the sole use of nitrogen as the basis of manure application rate calculation is 
still widely practiced. Excessive application of P is a serious environmental concern 
because it is the single most important nutrient influencing eutrophication and toxic 
algae blooms (Young et al, 1996; Herath, 1997; LWRRDC, 1997). Manure 
application rates should therefore be limited by the phosphorus (Eghball and Power, 
1994; Sutton, 1994) levels in areas where there is an imminent surface water 
eutrophication problem (Moore et al, 1995) such as those in Murray-Darling Basin 
(Kuhn, 1993).  
6.2.3 Non-agricultural aspects of animal waste reuse 
Animal waste application rates are typically calculated on the basis of the crop 
nutrient requirement, manure nutrient content, and existing soil fertility. However, 
this practice focuses only on the agricultural requirements and ignores the non-
agricultural (eg social, economical, and environmental) aspects of animal waste reuse 
in agricultural fields. If the non-agricultural limitations are ignored, agricultural 
fields are more likely to receive above optimum rates of manure application and may 
consequently create significant social, economical or environmental problems. 
Hence, the determination of application rates should ideally incorporate all 
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significant agricultural and non-agricultural factors and be based on a spatial 
technique, which is capable of making site-specific recommendations. 
6.2.4 Objective 
Site-specific recommendations may include the exclusion of totally unsuitable areas, 
varying application rates based on site-c straints, and using management measures 
to mitigate adverse effects in areas with a lower degree of suitability. Hence, the 
objective of this part of the study was to optimise spatial recommendations for 
manure application rates on suitable agricultural lands by taking agricultural, 
environmental, social and economic factors into account. 
6.3 Materials and methods 
6.3.1 Data collection and pre-processing 
Eight influential factors (ie land use, soil type, soil fertility, slope, and the locations 
of intensive animal industries, roads, streams, and towns) were selected based on the 
guidelines given in Section 3.6. These input factors were used to produce an 
environmental suitability map and a general suitability map giving areal extent and 
degree of site suitability. The soil fertility input factor was included in this study due 
to the role of this factor in determining the manure application rates. All eight input 
factors were pre-processed using the exclusionary criteria (Table 3.3) and the 
procedure given in Section 3.7. The remaining factor attributes were standardised 
prior to analysis and modelling. 
6.3.2 Factor standardisation and weighting 
The input factors were made commensurate by rescaling their attributes linearly in a 
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continuous scale between zero and one. The rescaling method of factor attribute 
standardisation was chosen as opposed to the classification method due to its 
simplicity and consistency in degree of site suitability determination (Chapter 5). 
Factor attributes were rescaled using Equation 5.1 and the procedure outlined in 
Section 5.3.2. The endpoints of the attributes were chosen as the maximum and 
minimum values for rescaling between zero and one.  
The input factors were weighted differently to minimise any possible bias (ie unequal 
contribution) of input factors in discriminating areas for animal waste application. 
They were weighted (Table 6.1) using the objectiveriented comparison (OOC) 
method developed earlier (Section 4.3.2.3). The objectives and scores for the OOC 
were determined via interview with a panel and the procedure followed was as 
described in Section 4.3.2.3. The panel included representatives of the catchment 
stakeholders (eg farmers, local shire councils, government department, and 
university staff). Weights between input factors were distributed to a sum of one 
(Table 6.1) as required by the weighted linear combination procedure (Eastman, 
1997, p9-12).  
6.3.3 Site suitability determination 
Weighted and linearly rescaled factors were combined using the weighted linear 
combination model (Equation 3.1) within the ARC/INFO GRID module. Two 
separate suitability maps (SUIT and ESUIT in Figure 6.1) were created. The overall 
suitability map (SUIT) was used to limit the manure application to suitable areas and 
to prescribe appropriate manure management practices. The environmental suitability 
map (ESUIT) was produced to identify the environmentally safe level of manure 
Chapter 6 Developing a Manure Application Plan 
 
122
application. 
Table 6.1 Objective oriented comparison based weighting of input factors 
Objectives 1 and Scores 2  
Input Factors A B C D E F G H I 
Factor 
score 
Factor 
 Weight 
Land use 1 ½ 0 1 ½ 0 1 0 0 4 4/25 = 0.16 
Proximity to town 0 0 0 0 0 0 0 0 1 1 1/25 = 0.04 
Proximity to stream 1 0 0 0 0 0 0 0 0 1 1/25 = 0.04 
Soil type ½ ½ 1 1 1 0 1 0 0 5 5/25 = 0.20 
Slope 1 ½ 0 1 ½ 0 0 0 0 3 3/25 = 0.12 
Proximity to road 0 0 0 0 0 0 0 1 0 1 1/25 = 0.04 
Proximity to IAI 1 0 0 0 0 1 0 1 1 4 4/25 = 0.16 
Soil fertility 1 1 1 1 1 ½ ½ 0 0 6 6/25 = 0.24 
Overall total 25 S Weight = 1.0000 
1 Contribution of input factors = A: reducing surface water pollution; B: reducing ground water 
pollution; C: reducing soil contamination; D: reducing run-off loss of nutrients; E: reducing leaching 
loss of nutrients; F: avoiding excessive use of manure; G: increasing nutrient use efficiency; H: 
reducing cost of manure application; I: reducing air pollution (bad odour)  
2 0: no contribution; ½: partial contribution; 1: full contribution 
 
The overall suitability map (SUIT in Figure 6.1) was produced using all eight input 
factors and the suitability mapping equation (Equation 6.1) within the ARC/INFO 
GRID module. The degree of suitability values (SUIT) obtained for this map were 
expressed in the non-dimensional range of 0 to 100 prior to classifying them into 
four suitability classes using an equal interval (ie 0–25, 26-50, 51-75, and 76-100) 
method of classification. Inputting only the environmental factors (ie land use, soil, 
soil fertility, slope, and proximity to streams) created the environmental suitability 
map (ESUIT in Figure 6.1). The suitability values in this map were expressed in a 
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linear scale between zero and one. The environmental suitability map was used as a 
multiplier layer to identify the appropriate manure application rates and thereby 
reduce the risk of nutrient run-off from fields fertilised with animal waste. 
SUIT = INT (109.89 * (0.16 * LANDUSE.SCLAE + 0.04 * STREAM.SCALE + 
0.20 * SOIL.SCALE + 0.12 * SLOPE.SCALE + 0.24 * SOILFERTILITY.SCALE + 
0.04 * TOWN.SCALE + 0.04 * ROAD.SCALE + 0.16 * IAI.SCALE) + 0.5) 
 
 
[Equation 6.1] 
Where,   
 INT & 0.5: Floating point to integer conversion convention 
 0.16, 0.04, 0.20, 0.12, 0.24, 0.04, 0.04, and 0.16: Input factor weights (from Table 6.1). 
 109.89: Pre-determined factor to convert output values to 0 to 100 scale (Identified via trial  
  and error:  SUIT created without this factor first and then the factor required to   
  convert maximum suitability value to 100 determined which is 109.89 in this case) 
 
6.3.4 Determining the crop nutrient requirements 
Wheat and barley are the main winter crops and maize, sorghum, soybean, and 
sunflower are the major summer crops grown in the Westbrook sub-catchment (DPI, 
1995). Lucerne is grown all year round as a main fodder crop and harvested seven 
times a year. The spatial distribution and areal coverage of the various crops grown 
in the sub-catchment was based on the land use data of 1998/99. 
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Figure 6.1 Manure application plan development process for site-specific 
application of manure in agricultural fields 
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Phosphorus was used as the base nutrient in the calculation of the manure application 
rates. Due to the inherently high phosphorus content (ie up to 1148 mg/kg P2O5) in 
the soils of Westbrook sub-catchment (Thompson and Beckmann, 1959), the manure 
application rates were based solely on the principle of replenishing the crop removal 
rates (eg OSU, 1992; Sharpley and Tunney, 2000) (Table 6.2).
Table 6.2 Phosphorus removal rates and target yields of various crops grown in 
Westbrook sub-catchment. 
Crops 
 
Ba
rle
y 
 
W
he
at
  
M
ai
ze
  
So
rg
hu
m
 
So
yb
ea
n 
Su
nf
lo
we
r  
Lu
ce
rn
e 
Current yield (t/ha) 1 2.15 2.50 3.77 3.21 1.32 1.02 2.00 
Target yield (t/ha) 1 3.50 3.50 6.00 6.00 3.00 2.50 2.50 
P removed by crop (kg/t) 2 2.70 3.00 2.80 2.00 7.00 8.00 3.30 
Equivalent P2O5 (kg/t) 6.18 6.87 6.41 4.58 16.03 18.32 7.56 
1 Source: Farming in the Darling Downs Region, DPI, 1995 
2 Source: Courtesy Bill Mills, Farming System Institute, Toowoomba, Queensland.  
Elemental P divided by 0.4366 to convert to P2O5  
 
The crop distribution map was duplicated to produce se arate nutrient removal rates 
and target yield maps for the area (Figure 6.1). The phosphorus (P2O5) removal rates 
per unit yield (kg/t) of various crops grown under Australian conditions (Table 6.2) 
were encoded crop-wise onto the cropping map to produce a P2O5 removal rate map. 
A realistic target yield (t/ha) was set for each crop by considering the best farm yield 
for the study area (DPI, 1995) as the target yield (Table 6.2). Best farm yields were 
those achieved in the past and should not be confused with the maximum potential 
yields. Encoding this information onto another copy of the crop distribution map 
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produced a target yield map. A map showing the crop nutrient (ie P2O5) quirement 
to achieve the target yields was produced via spatial multiplication of the P2O5 
removal rate map and the target yield map (Figure 6.1; Equation 6.2).
6.3.5 Manure allocation and nutrient content 
A manure allocation map, showing the application sites for various manure types, 
was created within the soils map framework by taking the location of the existing 
intensive animal industries and the ground slopes into consideration (Figure 6.1). The 
boundaries of the various soil types (ie polygons) were used as a limit to confine the 
allocation of specific manure types within an area. Attempts were made to confine 
the use of liquid manure to flat areas. For example, the relatively flat areas close to 
the dairy industry, with clay loam soils received a higher priority for the application 
of dairy lagoon effluent as fertiliser.  
The amount of nutrient available in the manure varies with the type and size of 
animals, feed, housing, bedding, waste handling system, flushing frequency and 
more (OSU, 1992). However, due to an absence of specific nutrient analyses, the 
average nutrient content information, commonly reported for various solid and liquid 
manures, were used in this study (Table 6.3). The P2O5 content information for the 
various manure types (Table 6.3) was encoded onto the manure allocation map to 
produce manure P2O5 content map.  
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Table 6.3 Nutrients contained in various types of solid and liquid animal waste 
(source: OSU, 1992) 
Solid manure Liquid manure 
NH4 P2O5 K2O NH4 P2O5 K2O 
Animal 
Industry 
type 
Litter 
added 
Dry 
matter 
(%) (kg/t) 
Liquid 
pit or 1 
Lagoon 
Dry 
matter 
(%) (kg/m3) 
No 52 3.12 6.24 10.3 Pit 11 2.88 3.24 4.08 Beef 
cattle Yes 50 3.56 8.02 11.6 Lagoon 1 0.24 1.08 0.60 
No 18 1.78 1.78 4.46 Pit 8 1.44 2.16 3.48 
Dairy  
Yes 21 2.23 1.78 4.46 Lagoon 1 0.30 0.48 0.60 
No 18 2.67 4.01 3.56 Pit 4 3.12 3.24 2.64 
Piggery 
Yes 18 2.23 3.12 3.12 Lagoon 1 0.36 0.24 0.48 
No 45 11.6 21.4 15.2 Pit 3 7.69 4.32 11.5 
Poultry 
Yes 75 16.0 20.1 15.2      
1 Lagoon including lot run-off water 
 
6.3.6 Determining the manure application rate 
The maximum manure application rates required to completely replenish the 
phosphorus removed by the various crops in producing the target yields were 
calculated spatially using Equation 6.3, where all input parameters are represented as 
map layers. 
The ‘environmental’ suitability map (ESUIT in Figure 6.1), with the degree of 
suitability values expressed in a zero to one scale (Section 6.3.3), was used as a 
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multiplier to reduce the environmental risks by proportionally lowering the 
maximum manure application rate to an acceptable level on areas with lower 
suitability. Lowering the manure application rate in high-risk areas is a demonstrated 
method for reducing agricultural run-off and algal growth (Couillard and Li, 1993).  
Satisfying the phosphorus need of crops from manure sources does not necessarily 
fulfil the requirements for other essential nutrients (eg nitrogen and potassium). 
Additional crop nutrients may have to be supplied in the form of chemical fertiliser. 
However, this should only be don with the knowledge of the nutrients already added 
to the soil from the manure sources. Therefore, the amount of ammonium nitrogen 
(NH4-N) that would be potentially added to the soil from the manure sources was 
calculated spatially as a product of the manure application rate and the NH4-N 
content in the manure (Table 6.3) using Equation 6.4.  
As soils in the Westbrook sub-catchment contain more than 78-ppm exchangeable 
potassium, which is considered high (Thompson and Beckmann, 1959) no attempt 
was made to equate the demand and supply of potassium.  
6.3.7 Alternate manure management strategies 
The reduction of the maximum manure application rates, using ESUIT as a multiplier 
(Section 6.3.6), means that the recommended manure application rates will not fully 
satisfy the phosphorus requirement of the crops. The reduced application rates may 
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be unpopular in areas where there is excessive supply of animal waste. Therefore, an 
alternate manure management strategy has been suggested to use the maximum 
manure application rates in conjunction with improved manure management 
practices. The maximum manure application rates for each manure type under 
various cropping scheme was calculated (Equation 6.3) and cross tabulated. The 
suitability map (SUIT in Figure 6.1), with its values expressed in the range of 0 to 
100 and classified into four suitability classes (Section 6.3.3), was used as a guide to 
suggest improved manure management practices that have been identified from 
literature sources.  
6.4 Results 
6.4.1 Site suitability 
A total of 5321 hectares (ie 21.4 % of the sub-catchment area) was found suitable for 
manure application in the Westbrook sub-catchment (Figure 6.2). The suitability 
values of the sites ranged between 38 and 100 on a scale of 0 to 100. The weighted 
average of the suitability values was 70.4 with a standard deviation of 11.4. When 
classified into four classes of equal intervals, 14.4 % of the area (value range: 51-75) 
was moderately suitable, while only 6.6 % (value range: 76-100) was highly suitable 
and 0.4 % (value range: 26-50) less suitable.  
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Figure 6.2 Overall suitability of sites for animal waste application 
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The value attributes of the environmental suitability map (Appendix D, Figure D.2) 
ranged between 0.3 and 1.0 (Table 6.4). The total suitable area in the environmental 
suitability map was higher (ie 7110 ha) than that of the overall suitability map (ie 
5321 hectares) due to the exclusion of non-environmental input factors (eg proximity 
to roads and towns) i  this analysis.  
Table 6.4 Value attributes of environmental suitability map (expressed as a 
fraction). 
Records Suitability value Cell counts  Area (ha) Values in fraction 
1 3 155 1.6 0.3 
2 4 37081 370.8 0.4 
3 5 83673 836.7 0.5 
4 6 337064 3370.6 0.6 
5 7 11600 116.0 0.7 
6 8 122079 1220.8 0.8 
7 9 105009 1050.1 0.9 
8 10 14328 143.3 1.0 
Cell size = 10 m × 10 m 710989 7109.9  
 
6.4.2 Crop distribution and nutrient requirements 
The crop distribution (based on areas occupied by various crops in 1998/99) is shown 
in Figure 6.3. About nine percent of the sub-catchment area was covered with wheat 
and barley crops in that year. The combined area covered by maize, sorghum, 
soybean, and sunflower crops was more than six percent while lucerne was grown 
over seven percent of the area. The concentration of the cropping areas on the central 
and western part of the sub-catchment has mainly been due to the presence of 
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undulating topography and residential areas (ie suburbs of the city of Toowoomba) in 
the eastern part (Figure 6.3).  
The amount of phosphorus P2O5 required (ie to be replenished) to achieve target 
yields for the major crops grown in the Westbrook sub-catchment has been 
calculated (Table 6.5). The crop nutrient (ie P2O5) requirements for the crops grown 
at various spatial locations are presented in Figure 6.3. The P2O5 requir ment ranged 
between 22 and 131 kg/ha. Lucerne required the largest (131 kg/ha) application of 
P2O5 (Table 6.5) with approximately three to five times more than the requirement 
for soybean (48 kg/ha), sunflower (46 kg/ha), maize (38 kg/ha), and wheat/barley (23 
kg/ha).  
Table 6.5 Cropping area and crop nutrient (P2O5) requirements to achieve 
target yields of various crops grown in the Westbrook sub-catchment 
 
Wheat/ 
Barley (A) 
Maize (B) 
Sorghum 
(B) 
Soybean 
(B) 
Sun-
flower (B) 
Lucerne 
(C) 
Cropping area (ha) 2205 249 942 49 89 1786 
Cropping area (%) 8.8 1.0 3.8 0.2 0.4 7.2 
P2O5 required (kg/ha) 22.85 38.46 27.48 48.09 45.80 131.25 
A: Winter crop (one crop per year) B: Summer crop (one crop per year) 
C: Based on 7 cuts per year 
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Figure 6.3 Crop distribution and nutrient (P2O5) requirement to achieve target 
yield in the sub-catchment 
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6.4.3 Manure allocation and manure nutrient (P2O5) contents 
Allocation of the various available manures to suitable land in the sub-catchm nt 
(Figure 6.4) suggests that 3822 hectares (ie 15.4 %) of the suitable area could be 
fertilised with liquid manure (ie dairy and piggery lagoon effluent), while the 
remaining 1499 hectares (ie 6.0 %) could receive solid animal waste (ie feedlot and 
dairy manure and poultry litter) as fertiliser. Figure 6.4 shows that most areas could 
be fertilised with dairy and piggery lagoon due to domination of these industries (ie 
dairy and piggery) in the sub-catchment (Section 3.2). The spatial allocation of the 
manure (Figure 6.5) shows the concentration of dairy lagoon effluent application on 
land in the central, south-east, and north-western region of the catchment and is 
consistent with the location of dairy industries in these areas. Similarly, the 
concentration of piggery lagoon effluent is on the northern and southern regions of 
the sub-catchment.  
Figure 6.4 Application area of the various manure types in the Westbrook sub-
catchment (Total application area = 21.4 % of the sub-catchment) 
 
0
2
4
6
8
10
12
Dairy lagoon Piggery
lagoon
Poultry litter Dairy manure Feedlot
manure
Types of animal waste
Ap
pl
ica
tio
n 
ar
ea
 (%
 ) 
of
 C
at
ch
m
en
t
Application area
Chapter 6 Developing a Manure Application Plan 
 
135
Figure 6.5 Proposed allocation of manure and manure nutrient (P2O5) content in 
the Westbrook sub-catchment 
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6.4.4 Manure application plan 
The crop P2O5 requirement map (Figure 6.3) and the manure P2O5 content map 
(Figure 6.5) were used (Equation 6.3) to produce the manure application plan (Figure 
6.6). The manure application plan shows that liquid manure (eg dairy and piggery 
lagoon) can be applied at rates of up to 500 m3 per hectare. When classified by the 
volume of manure application, 12.9 % of the sub-catchment are is able to receive up 
to 170 m3 of liquid manure per hectare. Liquid manure application rates greater than 
170 m3/ha could be applied to only 2.5 % of the sub-catchment area. Application 
rates of solid manure (ie feedlot, dairy, piggery and poultry) range up to 60 tonnes 
per hectare. However, only 5.4 % of the sub-catchment area could receive up to 20 
tonnes of solid manure per hectare while 0.6 % of the area is suitable for application 
rates greater than 20 t/ha. The higher manure application rates were typically
associated with areas under lucerne cropping.
The total amount of various animal waste types that could be utilised within the sub-
catchment as fertiliser are shown in Figure 6.7. The P2O5 content in the manure 
(Table 6.3) was found to have an affect on the amount of manure use. Despite the 
lower percentage of application area as compared to the dairy lagoon (Figure 6.4), 
the projected volume of piggery lagoon effluent use in the sub-catchment is highest 
(Figure 6.7) due to the low P2O5 content of this effluent (Table 6.3). Similarly, the 
amount of dairy manure use is high (Figure 6.7) when compared to the poultry and 
the feedlot manure despite a similar application area for the poultry litter (Figure 
6.4).  
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Figure 6.6 Suggested manure application plan for Westbrook sub-catchment 
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Figure 6.7 Total use of different manures in the Westbrook sub-catchment 
6.4.5 Nitrogen application from manure sources 
A map (Figure 6.8) was created showing the distribution of ammonium nitrogen 
(NH4-N) potentially applied to the soil if the manure application plan (Figure 6.6) 
were implemented. The application of NH4-N from the manure sources ranged 
between 0 and 180 kg/ha and was proportional to the manure application rates. When 
classified by the amount of NH4-N applied, 17.8 % of the sub-catchment area could 
receive up to 60 kg of NH4-  per hectare, 1.6 % could receive 60 to 120 kg/ha, and 
the remaining 2.0 % could receive ovr 120 kg/ha. 
6.4.6 Maximum manure application rates  
The maximum application rates of various manure types (Table 6.6), required to 
replenish P2O5 removed by different crops in producing the target yields, are cross 
tabulated in Table 6.6. The P2O5 contents in the manure (Table 6.3) and nutrient 
removal rates of the crops (Table 6.2) show an effect on the maximum manure 
application rates. For example, the low P2O5 content in piggery effluent has resulted 
in a generally higher application rate of this manure while the hig  P2O5 content in 
poultry litter has caused the reverse (Table 6.6). The higher nutrient removal rates of 
lucerne (Table 6.5) resulted in a generally higher manure requirement (Table 6.6). 
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Figure 6.8 Ammonium nitrogen potentially applied if the manure application plan 
(Figure 6.6) is implemented 
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Table 6.6 Maximum application rates1 of various manure types  
Types of manure 
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 Beef cattle littered (t/ha) 2.7 4.8 3.4 2.99 6.0 5.7 16.5 
Dairy littered (t/ha) 12.2 21.6 15.4 13.5 27.0 25.7 74.3 
Dairy lagoon (m3/ha) 45.1 80.1 57.3 50.0 100.2 95.4 275.6 
Piggery lagoon (m3/ha) 90.1 160.3 114.5 100.0 200.4 190.8 551.3 
Poultry littered (t/ha) 1.1 1.9 1.4 1.2 2.4 2.3 6.6 
Poultry pit (m3/ha) 5.0 8.9 6.4 5.6 11.1 10.6 30.6 
1 Using Equation 6.3 (inputs from Table 6.2 and Table 6.3) 
 
Maximum manure application rate on areas with lower degree of site suitability has 
the potential to adversely affect the environment. Therefore, the suitable areas in 
Figure 6.2 have been classified into the following degree of site suitability categories 
to suggest appropriate management practices. Equal interval method of classifica ion 
was used to group the suitability values into four suitability classes (Table 6.7).  
Table 6.7 Areas under different degree of site suitability categories 
Value range Suitability class Suitable areas (ha) 
76 to 100 High 1643 
51 to 75 Medium 3583 
26 to 50 Low 96 
0 to 25 Very low 0 
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6.5 Discussion 
6.5.1 Suitability measurements 
The site suitability analysis demonstrated that more than 21 % of the Westbrook sub-
catchment (Figure 6.2) was suitable for animal waste application. The percentage of 
suitable area is higher than that reported earlier (Chapter 4), since fewer input factors 
were used in this analysis. Similarly, the environmental suitability map (Appendix D, 
Figure D.2), produced using fewer input factors (Figure 6.1), identified 28 % of the 
catchment area as suitable. These results confirm the earlier findings (Section 4.5.2.1 
and Towers and Horne, 1997), which report a decrease in the areal extent of 
suitability due to an increase in the number of input factors. In general, the main 
factor influencing the area available for animal waste application in the Westbrook 
sub-catchment was the large amount of non-agricultural (eg residential) area in the 
sub-catchment. The limited available area (~ 21 %) for animal waste application in 
the Westbrook sub-catchment is a concern since the waste generated from the thirty-
nine intensive animal industries currently present in the area, may or may not be fully 
absorbed within the sub-catchment. This issue will be furthr discussed later (Section 
6.5.4) in relation to the manure application plan.  
The calculated degree of suitability values are relatively high (ie overall weighted 
average of 70 ± 11 in the scale of 0 to 100) due to the exclusion of marginal areas as 
‘unsuitable’ from each input factor (refer Table 3.3) prior to the site suitability 
analysis. The degree of site suitability measurements for the environmental 
suitability map were also similar (ie between 30 and 100) for the same reason. While 
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the degree of site suitability should be a useful parameter to manage the manure 
application rates and/or suggest appropriate management practices, it should be noted 
that the magnitude of this parameter is dependent (see Chapters 4 and 5) on the 
assessment method (ie number of input factors, weight distribution between factors, 
and method of factor attribute standardisation). 
6.5.2 Crop nutrient requirements 
The whole of the area identified as suitable was used for cropping. In this analysis, 
an assumption was made that the manur  w s applied to satisfy the nutrient 
requirement of the crops. Therefore, an accurate assessment of the crop nutrient 
uptake is important in the development of the manure application plan. Such an 
assessment requires the consideration of many cropping and mana ement related 
factors. The annual nutrient uptake by crops varies with crop type, target yields, area 
occupied by different crops, and the number of harvest per crop per year. For 
instance, soybean and sunflower remove more phosphorus than grains (Table 6.2). 
Similarly, lucerne is harvested many times each year and substantially more nutrients 
are removed in total than for annual crops. Crop yield may vary from field to field 
and season to season and the overall nutrient removal rates of crops will increase 
with an increase in the crop yield. Cropping information employed in this analysis 
was derived from the cultivation and land use maps of 1998. At the time, the crops 
and cropping areas were: wheat/barley (8.85 %), lucerne (7.17%), sorghum (3.79%), 
maize (1.00 %), sunflower (0.36 %), and soybean (0.20%) of the sub-catchm nt. 
However, crops, cultural practices, and the agricultural land use will vary both over 
time and spatially. Hence, the crop nutrient requirement should be viewed as a 
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dynamic vari ble that will require regular updating and revision. Moreover, as the 
crop nutrient requirement information is required for future manure application 
planning, it should consider projected rather than past cropping information. 
Phosphorus was identified as the critical nutrient due to the naturally high occurrence 
of this nutrient in the soils of the Westbrook sub-catchment. The high natural 
phosphorus content potentially makes these soils a source of P runoff. Runoff of 
phosphorus is detrimental since it s the critical factor leading to the development of 
toxic blue-green algae blooms in surface water systems of the Condamine catchment 
and Murray-Darling Basin (LWRRDC, 1998). It is due to the high P content in the 
soils (8 to 1283 mg/kg available P2O5 (Thompson and Beckman, 1959, p55)) that the 
crop nutrient (P2O5) requirements (Table 6.5) were determined on the basis of 
replenishing crop-removed phosphorus. This is a recommended (eg OSU, 1992; 
Sharpley and Tunney, 2000) practice to avoid excessive application of phosphorus. 
Crops vary significantly in phosphorus requirements. For example, the lucerne crop 
may require more than five times P2O5 per hectare as compared to barley and wheat 
(Table 6.5). This is useful information that may be used to choose crops t at are 
capable of harvesting (ie extracting) more nutrients from the soil so that more 
manure could be used in areas where excessive supply of manure is a concern.  
6.5.3 Manure allocation map 
The manure allocation map is the key to the development of the manure application 
plan. The allocation of the various manures to specific locations has a direct effect on 
the calculation of the manure application rates since the nutrient content varies 
significantly between the manures (Table 6.3). In this instance, the manure allocation 
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sites (Figure 6.5) were determined by taking the locations of intensive animal 
industries, soils, and slopes into account. However, other factors (eg transportation 
method and cost, time and method of application) could also be considered in 
formulating the manure allocation map. Alternatively, application sites could be 
selected based solely on the peripheral distance from the intensive animal production 
facilities and the estimated quantity of available manure.  
Irrespective of the method selected, the major issue involved in the development of a 
manure allocation map, is the source of manure production (ie location of intensive 
animal industries). Crop nutrient requirements can be met from various manure 
sources however it is sensible to use the manure types that are generated at the 
closest intensive animal production facility. For this reason, various manure types 
dominate the different areas of the manure allocation map (Figure 6.5). For example, 
the use of dairy lagoon effluent on central, south-east, and north-western region of 
the catchment (Figure 6.5) is consistent with the location of dairy industries in those 
areas.  
6.5.4 Manure application plan 
The manure application plan for the Westbrook sub-catchment (Figure 6.6) showed 
that 15.4 % of the sub-catchment area could have liquid manure applied while the 
remaining 6.0 % of the sub-catchment area identified as suitable for manure 
application could have solid manure applied. However, the proportion of the area 
covered by the liquid and soli manure or by the specific manure types (eg dairy 
lagoon, poultry litter, feedlot manure etc) is a function of the suggested manure 
allocation (Figure 6.5). Irrespective of the areal coverage and/or manure type used, 
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the observations on the manure application plan (Figure 6.6) revealed a general 
occurrence of higher manure application rates on areas with lucerne crops (Appendix 
D, Table D.2). This was due to the high P2O5 removal rates of this fodder crop (Table 
6.5) as a result of the multiple harvests each year. This is a clear indication that crops 
such as lucerne could be used to an advantage for harvesting (depleting) nutrients 
(P2O5 in this case) so that excess manure (if any) could be utilised within the sub-
catchment. For example, replacing 100 ha of wheat/barley area with a lucerne crop 
would increase the demand for P2O5 by 10840 kg, which translates to the application 
of an additional 22,583 m3 of dairy lagoon effluent. Other crops with high P2O5 
removal rates include soybean and sunflower (Tabe 6.5). 
The rates of manure application proposed on the plan were calculated as less than the 
maximum manure required to fully meet the P2O5 removal rates by using the scaled 
environmental suitability values (ESUIT in Figure 6.1) as a multiplier. This is not a
conventional operation and was implemented to incorporate the degree of site 
suitability into the analyses. The use of the environmental suitability values to 
proportionally lower the manure application rates was considered appropriate 
because these input factors (ie land use, soils, soil fertility, slope, and proximity to 
streams) are associated with environmental risk at high manure application rates. 
Reduction of manure application rates is also an effective and recommended measure 
to minimise the environmental risks associated with animal waste re-use (Khal el et 
al, 1980; Couillard and Li, 1993). For example, a high rate of manure application to 
areas with already high fertility or steep slopes is likely to produce excessive nutrient 
run-off and is best controlled by using lower rates of manure application. 
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The manure application plan (Figure 6.6) is a guide for farm level manure 
management in the Westbrook sub-catchment. However, the plan could also be used 
by practitioners and/or professionals (eg farmers, manure managers, and 
environmentalist) to equate the demand and supply of manure (ie nutrient balance) 
on a catchment wide scale. For example, the demand and supply of any particular 
manure could be determined by calculating the difference betwe n th total volume 
of manure production in the sub-catchment and its consumption according to the 
manure application plan (Figure 6.7). However, it should be noted that the projected 
volumes of manure consumption in the sub-catchment (Figure 6.7) are based on the 
recommended manure application rates in the manure application plan (Figure 6.6). 
Hence, any change in the application plan would have a direct impact on manure use. 
The total volume of manure use in the sub-catchment is determined by the manure 
nutrient content and the extent of application area. However, due to significant 
differences in the nutrient contents (eg P2O5 contents in Table 6.3) between the 
various manures, the effect of nutrient is prominent in this case. For example, the 
volume of the piggery lagoon effluent use in the sub-catchment is higher (Figure 6.7) 
due to the low P2O5 content in the effluent (Table 6.3) despite the fact that the 
percentage of area allocated to dairy lagoon effluent is more than 1.7 times greater 
than for the piggery lagoon effluent (Figure 6.4). Similarly, the use of dairy manure 
is higher than poultry litter (Figure 6.7). Therefore, if relocation of excess manure 
within the catchment is necessary, the manure with highest nutrient content should be 
chosen to reduce the transport volumes.  
The manure application plan may also serve as a valuable tool in planning new 
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intensive animal industries in the sub-catchment since one of the important factors in 
siting new industry and/or expanding existing industry is the availability of potential 
manure application sites (Safley, 1994). The manure application plan may be used to 
identify such sites. However, it is important that the availability of manure 
application sites be determined by taking the existing industries and the demand and 
supply of manure in the catchment into account. 
The manure application plan may also be used to determine the requirements of other 
essential nutrients (eg nitrogen and potassium). As the manure is also a source of 
other nutrients (eg NH4 and K2O content in Table 6.3), its application will supply 
those nutrients to the soil. But, the supplied quantity may or may not meet the crop 
requirement of these nutrients and there may be a need to supply additional nutrients 
from other sources (eg chmical fertiliser). However, the knowledge of the nutrients 
potentially applied from manure sources is essential to determine the required 
additional quantities. This can be calculated from the manure application plan (eg 
NH4-N applied in Figure 6.8), however it should be noted that any change in the 
manure application plan will have an affect on the quantities of the other nutrients 
applied. 
6.5.5 Adoption of the manure application plan  
The catchment wide site-specific manure application plan is environmentally 
beneficial because it suggests manure application rates according to the degree of site 
suitability. However, there could be a lack of enthusiasm in adopting the manure 
application plan due to its limitations in terms of: (a) fully satisfying the phosphorus
requirement of the crops, (b) accommodating excess manure where over supply is a 
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problem, and (c) flexibility associated with changes in cropping and/or manure 
distribution patterns. One way of addressing the first two of these concerns could be 
the recommendation of manure at higher application rates (eg Table 6.6) where 
improved manure management practices are used to reduce the risks of 
environmental impacts. For example, the degree of site suitability measurements 
obtained in the overall suitability map (Figure 6.2) could be grouped into suitability 
classes (eg Table 6.7), which could be linked with appropriate manure management 
practices (eg Table 6.8). Manure management practices are widely discussed in the 
literature (eg see references in Table 6.8) and could be linked with the suitability 
classes by following the logical order of increased management practices for 
decreased degree of site suitability. For example, better management would be 
required where the manure application site is too close to watercourses, far away 
from manure production sites, and/or the slope, and soil fertility are less favourable.  
Table 6.8 Suggested suitability classes and manure management practices  
Suitability 
scale 0 to 100 
Minimum recommendation to compensate for lower degree 
of site suitability 
Relevant 
references 
75 to 100 
(High to very 
high suitable 
area) 
· Consider timing of manure application - no manure 
should be applied when the ground is too wet or likely to 
be wet. 
· Consider multiple light applications. 
· Ensure correct application rate - accurate calibration of 
manure applicator is critical. 
Khaleel et al 
(1980); 
Eghball and Power 
(1994); Waskom 
(1994); Johnson 
and Eckert (1995) 
50 to 75 
(Moderate to 
high suitable 
areas) 
· All the above. 
· Apply manure on tilled surfaces - run-off of nutrient from 
no tillage and vegetated area is likely to be high when 
the rain follows manure application. 
· Avoid overland flow method of application – it can have 
adverse environmental effects. 
Khaleel et al 
(1980); Gupta et al 
(1997); Liu et al 
(1998) 
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25 to 50 
(Low to 
moderately 
suitable areas) 
· All the above. 
· Incorporate solid manure and inject liquid manure – 
incorporation and injection of manure reduces run-off 
loss of nutrients, minimises ammonia loss and odour, 
starts decomposition process sooner, and improves soil 
physical properties. 
Couillard and Li 
(1993); Eghball 
and Power (1994); 
Sutton (1994) 
0 to 25 
(Least suitable 
areas) 
 
· All the above. 
· Adopt additional management practices such as 
vegetative buffers and contour banks – these features 
are helpful in reducing run-off loss of nutrients from the 
fields fertilised with animal waste. 
Safley (1994) 
 
The suggested manure management practices (Table 6.8) are mostly intended to 
maximise the nutrient use efficiency while minimising the environmental and social 
risks associated with the waste reuse. For example, maximum nutrient benefit and 
odour control, and minimum run-off loss of nutrients is achieved when the manure is 
injected or incorporated into the soil. This practice not only minimises nitrogen loss 
to air and/or to run-off but also allows soil micro-organisms to start decomposing the 
organic matter in manure, thus making nutrients available to the crops faster (Sutton, 
1994). Almost every field receiving animal waste would benefit from the proposed 
manure management practices; however, the adoption of such practices would be 
crucial in areas with a lower degree of site suitability. There are however, a number 
of debateable issues in formulating these types of guidelines. For instance: 
· The classification of the degree of site suitability measurements into arbitrarily 
chosen classes (eg Table 6.7) may not adequately represent the suitability 
levels;  
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· The manure management practices s suggested have not been verified in the 
field and may not correspond to the site suitability classes; 
· There is a need to follow specific procedures to derive the degree of site 
suitability values in the range of 0 to 100 and to make use of the suggested 
manure management practices; and 
· There could be other site-specific factors that have not been considered in the 
analysis. Therefore, the suggested manure management practices may not be 
applicable in every situation.  
Hence, the suggested manure management practices (Table 6.8) are a first step in 
defining appropriate management alternatives to compensate for lower degrees of 
site suitability. Further investigations, especially field validation, are necessary to 
quantify the effectiveness of each of thesepractic s before recommending them as 
the best management practices.  
This catchment wide site-specific manure application plan may also be used to 
identify variable site- p cific application rates at the in-field scale. This application 
is currently limited due to a lack of appropriate site-spec fic manure application 
technology. However, the site-specific management technology in crop production is 
developing rapidly (Plant, 2001). The variable rate fertiliser application was the first 
site-specific management practice that has reached a level of technological maturity 
(Plant, 2001). The technological solution is therefore within the reach. However, it is 
not the availability of the site-specific management technology as such but the cost 
and benefit of using such technology is the current concern (DeBoer and Swinton, 
1997). 
Chapter 6 Developing a Manure Application Plan 
 
151
6.6 Conclusions 
A GIS-based catchment-wide manure application plan for the site-specific 
application of animal waste as fertiliser to agricultural fields of the Westbrook sub-
catchment was developed. Suitable sites and the degree of site suitability for manure 
application were determined by taking socio-econ mic and environmental factors 
into account. The manure application rates for the suitable sites were determined 
using the degree of site uitability measurements, crop nutrient requirements, and 
manure nutrient contents.  
Only 21 % area of the Westbrook sub-catchment was found suitable for animal waste 
application. The volumes of manures that could be used in the sub-catchm nt, 
according to the manure application plan, are presented. However, there is a need to 
evaluate the nutrient balance in the sub-catchment since the number and size of 
intensive animal industries are growing. 
The degree of site suitability measurement was used to reduce the maximum manure 
application rates to environmentally safer levels. However, this has reduced the 
manure application volume and did not fully meet the crop nutrient requirements. An 
alternate manure management strategy to apply manure at a maximum rate followed 
by manure management practices to suit to various degree of site suitability is 
suggested. However, the suggested strategy requires field validation before making it 
a recommendation. 
Phosphorus was used as the critical nutrient due to high content of this utrient in the 
soils and potential eutrophication and algal blooms problems in the catchment. The 
Chapter 6 Developing a Manure Application Plan 
 
152
manure application rates were limited by the principle of replenishing plant-r moved
phosphorus. The crop distribution and the ability of crops to rem ve phosphorus 
determined the manure application rates. Crops such as lucerne, soybean, and 
sunflower were effective in depleting more phosphorus from the soils. These crops 
could be considered to deplete nutrients faster from the soils so that more manure can 
be used in areas where excess supply is a concern. 
The manure allocation and manure nutrient content have shown an effect on manure 
application rates. Allocation of manure should take the location of intensive animal 
industries into account. The volume of manure use is inversely related to the manure 
nutrient content. Therefore, if relocation of excess manure is inevitable, the manure 
with high nutrient content should be chosen to reduce the transport volumes. 
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CHAPTER 7 
7 GENERAL DISCUSSION 
The aim of this study was to establish a framework for the development of a 
comprehensive catchment-wide manure application plan for the site-specific 
application of animal waste as fertiliser in agricultural fields. The development of a 
comprehensive manure application plan required identifying suitable sites, ranking 
the suitable sites into various degrees of suitability, determining the critical plant 
nutrient, projecting the crop distribution, and allocating the manures to the variou  
spatial locations. Most of these are dynamic properties that may vary significantly 
over time depending on the location, season, and management used. The manure 
application plan has been developed in this study using a set of assumptions for each 
of these variables. However, a small change in one or more of these variables could 
have a significant effect on the manure application sites, rates, and/or volumes. 
The manure application plan has been developed for the area identified as suitable 
for animal waste application in the Westbrook sub-catchment (Chapter 6). However, 
the magnitude of the suitable area is dependent on the method of site suitability 
analysis and the number of input factors used (Chapter 4). In this instance, eight 
input factors were used within the raster-bas d weighted linear combination 
technique to identify that 21.4 % of the sub-catchment area (ie 5321 ha) was suitable 
(Chapter 6). However, the suitable area may have been different if an alternative 
analytical method was selected and/or other input factors (eg ground water depth) 
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were introduced and this could have an effect on the manure application plan. For 
example, a reduction in the suitable area by one percent of the sub-catchment area  
(ie from 21.4 % to 20.4 %) would reduce the volume of dairy lagoon effluent that 
could be used by up to 41090 m3 or about 20 %  (ie from 209264 m3 to 168174 m3). 
Hence, there is a strong case for undertaking a sensitivity analysis of the key 
assumptions and input variables before long-termdecisions are made in relation to 
this data.  
A sensitivity analysis of the key input assumptions was outside the scope of this 
work but it seems sensible that such an analysis would be based on scenario 
modelling of likely land use changes within the sub-catchment. For example, in this 
study, the 1998/99 cropping map and maximum farm yields were used to determine 
the crop nutrient requirements for manure application planning (Chapter 6). 
However, crops, cultural practices, yields, and the agricultural land use will vary 
both over time and spatially. Hence, the crop nutrient requirement should be viewed 
as a dynamic variable that will require regular updating and revision. The crop 
nutrient requirements and therefore the manure application rates may be affected 
significantly due to changes in the cropping pattern. For example, replacing 100 ha 
of lucerne cropping area in the catchment with a barley or a wheat crop would reduce 
the demand for P2O5 by 10840 kg. This would translate to a reduction of either dairy 
lagoon effluent usage by 22,583 m3, or piggery lagoon effluent use by 45,167 m3. 
Similarly, the target yield and crop variety could also have an effect on the manure 
application plan. Hence, factors that should be considered as part of any future 
scenario modelling include crop rotations, changes in market demands, the influence 
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of crop disease and pest attacks, and the introduction of alternative crops and 
varieties. 
The degree of site suitability measurement was incorporated into the manure 
application plan to enable a reduction in the manure application rates (Chapter 6) on 
areas with lower suitability. However, the degree of site suitability measurements are 
dependent on the number of input factors, the weighting of the factors, and the 
method of input factor standardisation (Chapter 4 and 5). Since each of these 
parameters varies depending on user preference, a different operator could have 
obtained a significantly different suitability measurement and manure application 
rate. For example, reducing the current suitability measure of 0.6 for 3371 ha (Table 
6.4) down to 0.5 would reduce the manure application rates of each manure type 
applied to this area by about 17 %. As a consequence, about 887 ha of area would 
receive 17 % less piggery lagoon effluent and the dairy manure application rate on 
about 152 ha of wheat and barley growing area would reduce from 8 t/ha to 6.7 t/ha. 
The application rates of other manures would be similarly affected. Therefore, the 
consistency of the degree of site suitability measurement is a key to manure 
application planning and further work needs to be conducted to standardise this 
procedure.  
Phosphorus was identified as the critical nutrient in the Westbrook sub-catchment 
due to the high content of available phosphorus in t e soils and the potential 
eutrophication and algal blooms problems in the catchment. Hence, the manure 
application rates were limited by the principle of replenishing plant-removed 
phosphorus (Section 6.5.2). However, this represents only one of the many possibl  
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options available in selecting and using the critical nutrient for manure application 
planning. Manure application rates could be determined on the basis of crop nitrogen 
requirement. Alternatively, the available phosphorus rather than plant-removed
phosphorus could be used as the basis to determine the manure application rates. 
However, any alternative option is likely to have a substantial effect on the manure 
application plan. For example, if the available phosphorus were taken as the basis for 
the manure application plan, about one-half of the suitable area would receive no 
manure due to the very high available P2O5 content (ie about 1148 ppm) in the soils. 
Similarly, overall manure application rates would increase significantly if nitrogen 
content was used as the basis for manure application planning. However, in other 
catchments other nutrients or environmental conditions could act to limit the manure 
application rates. There may also be cases where the application of manure to 
agricultural fields could be viewed as a multi-objective process requiring 
optimisation for a range of nutrients and environmental factors. Hence, there is also a 
need for further work evaluating the potential to use multi-objective analyses to 
address the requirements of critical plant nutrients and environmental constraints in 
developing manure application plans.  
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CHAPTER 8 
8 CONCLUSION  
The aim of this study was to establish a framework for the development of a 
comprehensive catchment-wide manure application plan for the site-specific 
application of animal waste as fertiliser in agricultural fields. Three specific 
objectives that were crucial for animal waste management and that led to the 
development of a comprehensive manure application plan were pursued. Chapters 
four, five, and six respectively addressed each of these objectives. This chapter 
presents a conclusion and offers the recommendations for future research.  
The areas estimated as suitable for animal waste application in the Westbrook sub-
catchment using vector-based Boolean overlay and raster-b ed weighted linear 
combination (WLC) methods were 21.7 % and 16.2 % of the total sub-catchment, 
respectively. The disparity in the estimated area between the two methods is mainly 
due to the differences in the data structure (ie vector vs raster) and the method of site 
suitability analysis. Field validation revealed that the overall accuracy of the suitable 
area estimated using the raster-based method was 87.1 %. The raster-based method 
was found to be capable of identifying both the suitable area and the degree of 
suitability while the vector-based method only identifi d the suitable area. Thus, 
raster-based site suitability analyses appear to be more useful for the site-specific 
manure application planning.  
The degree of site suitability measurements obtained using the raster-based method 
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were found to be affected by the number of input factors, the weight distribution 
between factors, and the method of factor attribute standardisation. The selection of 
relevant input factors is crucial and should be conducted with consideration of the 
objective of the analysis, the environmental constraints of the catchment, and the 
properties of the manures available. The effect due to factor weight distribution was 
found to be reduced considerably using the “objective oriented comparison” method 
devised in this study. This method was found to be more consistent in distributing 
weights between input factors than the traditional method. The method of input 
factor standardisation was found to be crucial in using the weighted linear 
combination model since this process assigned suitability values to the grid cells (ie 
pixels) that determine the degree of site suitability measurements.  
The effect of the discrete classification and the continuous rescaling methods of input 
factor standardisation on the degree of site suitability measurements were valuated. 
The degree of site suitability measurements obtained using the discrete classification 
method of standardisation were found to be inconsistent due to the variable effect of 
the classification parameters. However, the application of the “weight adjustment” 
and the “equal incremented weighting” techniques devised in this study were found 
to reduce the effect of biasing associated with the classification parameters. The 
standardisation of input factors using the rescaling method (ie a modified 
membership function) produced a single value for the degree of site suitability 
measurement and hence, consistency was not an issue. However, the effect of using 
other membership functions on the degree of site suitability measurements is an area 
requiring further investigation.  
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The geographic information system based map algebra function was found to be 
useful to incorporate spatial and non-spatial information for the development of a 
comprehensive catchment-wide, site-specific manure application plan. The manure 
application plan for the Westbrook sub-catchment demonstrated that the area 
available for manure application is less than 22 % of the total sub-catchment area.  
Considering the number of existing intensive animal industries (ie currently thirty-
nine) and the potential volume of waste production in the area, it seems reasonable to 
suggest that there is a need to assess the capacity of the sub-catchment to absorb all 
of the generated waste. Phosphorus was assumed to be the critical nutrient in the sub-
catchment and the manure rates were based on the principle of replenishing plant-
removed phosphorus. However, this reduced the recommended volume of manure 
use per unit area and increased the manure surplus potential. One possible 
management alternaive to deal with excess waste generation may be to expand the 
growing area for crops (eg lucerne, soybean, and sunflower) that are capable of a 
greater rate of phosphorus depletion. However, the expansion of areas for these crops 
is also influenced by other bio-physical factors and market forces.  
The manure application plan developed in this study took the degree of 
environmental suitability of the manure application sites into account and 
accordingly recommended reduced application rates on less suitable ar a .  However, 
this reduced the potential manure consumption and would not fully satisfy the crop 
nutrient requirements. Therefore, this study also presented an alternative plan in 
which the maximum manure application rate is increased to match the cropnutrien  
requirement but which requires an improvement in manure management practices. 
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This is a first step in defining appropriate management alternatives and more work 
needs to be done to confirm the practices which are recommended. Most spatial and 
non-spatial information used in the manure application plan were derived from the 
data published on or before 1998/1999 and variations in manure availability and crop 
area from year to year should be considered. Since the manure application plan is a 
plan for the future, projected land use changes should be included whenever possible.   
The following are other areas identified in this study as requiring further 
investigation:  
· The modified membership function used in this study for the degree of site 
suitability determination is one of the non-linear rescaling methods of factor 
attribute standardisation. However, the effect of using other membership 
functions on the degree of site suitability measurements is unknown and 
requires further investigation. 
· In this study, the degree of site suitability measurements has been used to 
adjust the recommendation for animal waste application rates and suggest 
appropriate manure management practices. These are new approaches in 
animal waste application planning and further evaluation is necessary to 
confirm the appropriateness of these approaches and the practices proposed. 
· The area identified as suitable for animal waste application in the Westbrook 
sub-catchment is not substantial. The sufficiency of the land base to absorb all 
the animal waste generated in the sub-catchment is uncertain. Therefore, a sub-
catchment level study is urgently required to: (a) determine the demand and 
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supply of animal waste, and (b) develop alternative manure management 
strategies where oversupply is identified.  
· Some crops (eg lucerne, soybean, and sunflower) have been identified from the 
literature as able to extract phosphorus faster from the soil than other crops.  
This raises the prospect of increasing manure application rates where the area 
of these crops is increased. However, the effectiveness of these and other crops 
in achieving the above objective requires field investigation. 
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APPENDICES  
APPENDIX A. Datasets used in catchment delineation 
The study area is s tuated near the 
city of Toowoomba in south-east 
Queensland, Australia. The area 
stretches over six 1:25,000 
topographic map sheets. It is in zone 
56 of the Australian Map Grid 
(AMG) coordinates. The northing and easting of the approximated (rectangular) 
study were 370, 000 to 397, 000 (ie 27.0 km) north and 6938,000 to 6957,500 (19.5 
km) east. 
Figure A.1 Approximated and actual study area in Westbrook sub-catchment 
Map No 
9242-41 
(Biddestone) 
 
Map No. 
9242-14 
(Gowrie 
Mountain) 
Map No. 
9242-11 
(Toowoomba 
city) 
Map No. 
9242-42 
(Pittsworth) 
 
Map No. 
9242-13 
(Cambooya) 
 
Map No. 
9242-12 
(Hodgson Vale) 
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Figure A.2 Contour map of the approximated study area 
Figure A.3 Stream network in the approximated study area 
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Figure A.4 Depressionless DEM of the approximated study area 
Figure A.5 Flowdirection grid of the approximated study area 
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Figure A.6 Accumulated flow within approximated study area 
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APPENDIX B. Inputs factors 
Figure B.1 Soil fertility - vector coverage 
Figure B.2 Intensive animal industry locations – vector coverage 
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Figure B.3 Land cover – vector coverage 
Figure B.4 Land use – vector coverage 
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Figure B.5 Road buffer – vector coverage 
Figure B.6 Slopes – vector coverage
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Figure B.7 Soils – vector coverage 
Figure B.8 Stream buffer – vector coverage 
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Figure B.9 Town buffer – vector coverage 
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Figure B.10 Soil fertility – raster grid  
Figure B.11 Proximity to intensive animal industries – raster grid 
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Figure B.12 Land cover – raster grid 
Figure B.13 Land use – raster grid  
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Figure B.14 Proximity to roads – raster grid 
Figure B.15 Slopes – raster grid  
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Figure B.16 Soils– raster grid 
Figure B.17 Proximity to streams – raster grid 
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Figure B.18 Proximity to towns – raster grid 
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Table B.1 Attributes of input factors 
Input factors Factor attributes 
Land cover The land cover of the study area included: Crop and Pasture (43.1 %), 
Settlement (4.8%), Open woodland (46.6 %), Woodland (2.7 %), Open forest 
(2.7 %), and Closed forest (0.1 %). 
Land use At the time of data collection in 1998/90, the land use on the study area 
included: Healthy crop, Less healthy crops, Stubble, Bare field, Partial crop, 
Strip crop, and No crop. 
Proximity to 
townships 
The Euclidean distance from residential areas to the fields varied from zero to 
2709 meter. Areas between 0 and 250 m excluded as unsuitable. In the 
remaining potentially suitable areas; 57.6 % was within 250 to 750m, 27.7 % 
within 750 to 1250 m, 11.1 % within 1250 to 1750 m, 3.0% within 1750 to 2250 
m, and 0.6 % was within 2250 to 2709m. 
Proximity to 
streams 
The Euclidean distance from creek lines to the fields varied from zero to 1224 
m. Areas between 0 and 100 m excluded as unsuitable. In the remaining 
potentially suitable areas; 42.2 % was within 100 to 250 m, 40.9 % within 250 
to 500 m, 13.7 % within 500 to 750 m, 2.8 % within 750 to 1000 m, and 0.4 % 
within 1000 to 1224 m. 
Soil types Soil types present in the study area, according to Thompson and Beckmann 
(1959) classification, are: Kenmuir (stony), Kenmuir (stony & gravely)-Mallard, 
Kenmuir, Kenmuir (stony & gravely)-Southbrook, Charlton-Beauaraba, 
Beauaraba-Purrawunda, Irving-Purrawunda, Burton, Charlton-Craigmore, 
Waco Type 1, Drayton-Kynoch, Ruthven-Middle Ridge, and Waco. All Kenmuir 
types are too shallow and unsuitable for cultivation. 
Soil fertility The available phosphorus in the soils ranged between 38 and 1148 ppm (ie 87 
to 2629 ppm P2O5) as determined by the dilute acid extraction method 
(Thompson and Beckmann, 1959). Note: Phosphorus should not be applied in 
areas with available P exceeding 1254 ppm (Johnson and Eckert, 1995). 
Slope Areas with greater than 10 % slope was excluded considering unsuitable for 
animal waste application. For the remaining potentially suitable areas: 34.0 % 
area has 0 to 2 percent slope, 35.9 % has 2 to 4 percent, 18.0 % has 4 to 6 
percent, 8.5 % has 6 to 8 percent, and 3.6 % area has 8 to 10 percent slope. 
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Proximity to roads The Euclidean distance from roads to the fields ranged between zero and 
2176 m. 25 m on either side of the road was considered fence line and 
unsuitable for cultivation. In the remaining distances; 72.1% was within 500 m, 
21.1% between 500 and 1000 m, 5.3 % between 1000 and 1500 m, 1.3 % 
between 1500 and 2000 m, and 0.2 % was beyond 2000 m. 
Proximity to 
intensive animal 
industries 
The Euclidean distance from intensive animal industries (IAI) to the fields 
varied between zero and 6435 m. Areas within 100 m were occupied by the IAI 
and therefore unsuitable. In the remaining potentially suitable areas; 55.1 % 
was within 1500 m, 28.3 % between 1500 and 3000 m, 11.9 % between 3000 
and 4500 m, 4.4 % between 4500 and 6000 m, and 0.3 % was beyond 6000m. 
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APPENDIX C. Classification of Input Factors 
Figure C.1(a) Proximity to intensive animal industries – single class 
Figure C.1(b) Proximity to intensive animal industries – two classes 
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Figure C.1(c) Proximity to intensive animal industries – three classes 
Figure C.1(d) Proximity to intensive animal industries – four classes 
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Figure C.1(e) Proximity to intensive animal industries – five classes 
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Figure C.2(a) Slope factor classified into single class 
Figure C.2(b) Slope factor classified into two classes 
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Figure C.2(c) Slope factor classified into three classes 
Figure C.2(d) Slope factor classified into four classes 
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Figure C.2(e) Slope factor classified into five classes 
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Figure C.3 (a) Soil factor classiefied into three classes using equal area method 
Figure C.3(b) Soil factor classified into three classes using equal interval method
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Figure C.3(c) Soil factor classified into three classes using value judgement 
method 
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Figure C.4 (a) Stream factor classified into three classes using equal area 
method 
Figure C.4(b) Stream factor classified into three classes using equal interval 
method 
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Figure C.4(c) Stream factor classified into three classes using value judgement 
method 
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APPENDIX D. Validation, processing and processed outputs 
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Figure D.2 Environmental suitability map (ESUIT in Figure 6.1) 
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Table D.1 Example of the calculation of descriptive statistical parameters 
Record Value (Vi) Count (Ci) Vi ´ Ci Deviation (d) Illustrations 
1 275 638 175450 360154 Weighted Average = S(V´C)/SC 
2 280 8501 2380280 2991595 d = [(Vi – x)2 ´ Ci ] 
3 285 29856 8508960 5652281 Weighted SD = (Sd/SC) 
4 290 64387 18672230 4940104 CV (%) = (SD/average) ´ 100 
5 295 108319 31954105 1530793  
6 300 115526 34657800 177836 Total suitable area 
7 305 83116 25350380 3237073 = SC×100 m2/10000 m2 (ha) 
8 310 45703 14167930 5774735 = 4773.28 ha 
9 315 15904 5009760 4194849  
10 320 3714 1188480 1675637 Value range = largest difference 
11 325 1664 540800 1145788 Weighted 
 Range SC S(V´C) Sd Average SD 
CV (%) 
 500 477328 142606175 31680845 298.76 8.15 2.73 
 
 
Table D.2 Typical GIS based manure application planning output 
Record Cell values Cell counts Crop types Manure types App. rate (t or m3/ha) 
1 1 77852 5 12 29 
2 2 2785 5 12 33 
3 3 2819 5 12 24 
4 4 77574 4 12 165 
5 5 2466 4 12 138 
6 6 29652 5 9 1 
7 7 32075 1 12 34 
8 8 2473 1 12 29 
9 9 9186 1 14 92 
10 10 9213 1 9 1 
11 11 16 1 12 46 
12 12 10759 1 14 103 
Appendices 
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13 13 15184 1 20 8 
14 14 4553 1 20 6 
15 15 4978 5 20 5 
16 16 93 1 14 80 
17 17 37228 5 14 76 
18 18 32127 4 14 441 
19 19 12312 5 20 6 
20 20 580 5 14 67 
21 21 21892 5 14 86 
22 22 16449 4 14 496 
23 23 14004 4 9 4 
24 24 3 4 9 5 
25 25 61 5 20 8 
26 26 275 4 14 386 
27 27 3287 4 20 30 
28 28 1088 1 12 40 
29 29 6 4 14 276 
30 30 12740 4 20 37 
31 31 65 5 14 57 
32 32 22 5 14 48 
33 33 88 6 9 1 
34 34 2513 4 12 193 
35 35 40 5 20 9 
36 36 160 5 20 10 
37 37 561 1 10 2 
38 38 8774 3 12 48 
39 39 59 3 12 56 
40 40 2183 3 20 11 
41 41 975 3 12 40 
42 42 186 4 10 8 
43 43 1893 1 10 1 
44 44 3612 4 10 7 
45 45 80 1 20 12 
46 46 1035 3 10 2 
47 47 18354 5 10 1 
48 48 1606 6 14 172 
49 49 347 6 20 10 
50 50 2 6 20 21 
51 51 1371 6 14 153 
52 52 9 3 10 1 
Appendices 
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53 53 3083 3 14 128 
54 54 4654 3 14 144 
55 55 694 6 20 13 
56 56 3 6 20 18 
57 57 81 4 20 59 
58 58 6 5 10 2 
59 59 22 4 12 221 
60 60 2106 5 12 48 
61 61 6049 5 12 43 
62 62 4612 4 12 248 
63 63 2578 4 12 276 
64 64 1752 3 12 72 
65 65 14 4 14 331 
66 66 7 4 12 193 
67 67 4 4 10 12 
68 68 108 4 12 221 
69 69 85 5 12 38 
70 70 24 5 12 33 
71 71 3081 4 9 3 
72 72 7 3 12 56 
73 73 25 5 9 0 
74 74 9 3 12 64 
75 75 90 5 24 5 
76 76 1 5 24 4 
77 77 2 4 12 110 
78 78 1 6 14 115 
79 79 4 6 14 95 
80 80 40 4 20 45 
81 81 29 4 20 52 
82 82 649 3 20 9 
83 83 2 3 20 17 
84 84 259 3 12 80 
85 85 448 2 14 160 
86 86 12 2 14 180 
87 87 44 2 14 140 
88 88 15 4 20 22 
89 89 2821 1 12 52 
90 90 2206 1 12 57 
91 91 90 1 20 5 
92 92 81 1 20 9 
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93 93 10 1 12 34 
94 94 32 1 12 46 
95 95 19 2 20 14 
96 96 61 2 20 11 
97 97 1 2 20 19 
98 98 2148 2 12 90 
99 99 11 2 20 22 
100 100 3 5 12 29 
101 101 6 3 20 13 
102 102 201 2 12 100 
103 103 33 5 20 4 
104 104 11 2 12 70 
105 105 727 2 12 60 
106 106 1330 3 9 1 
107 107 7 5 12 38 
108 108 26 4 12 248 
109 109 1200 2 9 1 
110 110 1 1 12 52 
111 111 2 1 20 11 
112 112 15 1 12 40 
113 113 88 3 14 112 
114 114 5 1 14 57 
115 115 4731 6 12 57 
116 116 6 6 20 15 
117 117 94 6 12 67 
118 118 3257 5 10 2 
119 119 1 3 14 96 
120 120 1824 1 10 2 
121 121 2738 4 10 10 
122 122 71 4 10 12 
 Crop types   Manure types 
1 Sorghum 9 Poultry litter 
2 Soybean 10 Feedlot manure 
3 Maize 12 Dairy lagoon 
4 Lucerne 14 Piggery lagoon 
5 Wheat/Barley 20 Dairy litter 
6 Sunflower 24 Poultry pit manure 
 
